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Abstract 


Fractography  of  ceramic  specimens  and  components  is  critical  to  the 
design  and  future  use  of  ceramic  materials  in  commercial  applications.  In  1992 
the  U.S.  Department  of  Defense  released  Military  Handbook  790  "Fractography 
and  Characterization  of  Fracture  Origins  in  Advanced  Structural  Ceramics" 
which  furnished  guidelines  for  the  comprehensive  interpretation  of  ceramic 
fractographic  information.  Even  with  the  release  of  this  handbook  there  were 
still  some  issues  which  warranted  further  study. 

A  round  robin  exercise  sponsored  by  the  Versailles  Project  on  Advanced 
Materials  and  Standards  (VAMAS)  was  conducted  to  determine  the  applicability 
of  the  handbook  and  to  attempt  to  clarify  any  ambiguous  sections  or  issues.  The 
exercise  was  divided  into  three  topics.  Topic  #1  addressed  the  detection  and 
interpretation  of  machining  damage  on  photographs  of  ceramic  specimens. 

Topic  #2  dealt  with  the  fractographic  analysis  of  ceramic  specimens.  Topic  #3 
was  optional,  and  asked  the  participants  to  perform  fractography  on  a  ceramic 
material  of  their  choice. 

The  results  from  Topic  #1  showed  that  there  are  problems  in  detecting 
and  interpreting  machining  damage  in  advanced  ceramics.  These  problems 
stem  from  a  lack  of  understanding  of  how  machining  damage  can  manifest  itself 
in  various  ceramic  materials.  Topic  #2  indicated  that  the  guidelines  and 
characterization  scheme  outlined  in  the  handbook  are  adequate  to  completely 
characterize  fracture  origins  in  ceramics  but  some  refinements  are  necessary. 
There  was  a  good  to  excellent  consensus  in  origin  characterization  in  many 
cases.  The  instances  where  concurrence  was  not  forthcoming  helped  the 
organizers  understand  where  improvements  to  MIL  HDBK-790  should  be  made 
and  also  highlighted  the  key  steps  that  are  integral  to  a  proper  fractographic 
evaluation. 

This  report  summarizes  the  results  from  this  round  robin  exercise, 
identifies  areas  of  concern  which  require  further  study,  provides  amendments 
that  will  be  made  to  the  handbook  and  evaluates  each  of  the  round  robin 
participants  fractographic  analysis. 


Preface 


Scientists  and  engineers  in  the  ceramic  community  traditionally  have  used 
the  terms  "flaw"  or  "defect"  to  describe  the  fracture  initiation  site  in  ceramics  and 
other  brittle  materials.  These  terms  are  used  in  the  context  of  fracture  mechanics 
whereby  a  singularity  or  microstructural  irregularity  acts  as  a  stress  raiser  from 
which  fracture  commences.  It  should  be  understood  that  the  use  of  these  terms 
does  not  imply  that  a  ceramic  product  has  been  prepared  improperly  or  is 
somehow  defective. 

The  general  user  community  might  be  better  served  if  the  terms  "fracture 
origin"  or  "origin"  are  used  instead.  Therefore,  we  have  refrained  from  using  the 
terms  "flaw"  or  "defect"  wherever  possible  in  this  report,  except  in  instances 
where  they  are  included  in  direct  quotations  from  the  round  robin  participants  or 
as  part  of  a  referenced  document. 

Jeffrey  J.  Swab 
George  D.  Quinn 
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Introduction 


The  release  of  Military  Handbook  790  "Fractography  and  Characterization 
of  Fracture  Origins  in  Advanced  Structural  Ceramics"  (MIL  HDBK-790)  by  the 
Department  of  Defense  in  July  1992  marked  the  most  comprehensive  effort  to 
date  to  standardize  the  fractographic  analysis  of  advanced  ceramics  materials. 
Details  on  MIL  HDBK-790  and  the  considerations  that  went  into  it  can  be  found 
in  references  1  and  2.  The  objectives  of  MIL  HDBK-790  are  two-fold.  First,  it 
acts  as  an  educational  tool  for  scientists/engineers  venturing  into  fractography  of 
ceramics  for  the  first  time  and  second,  it  provides  an  efficient  and  consistent 
methodology  to  locate  and  characterize  fracture  origins  in  this  class  of  materials. 

The  fundamentals  of  fractography  of  ceramics  and  glasses  are  well 
documented3-9  but  analysis  can  be  interpretive  and  dependent  on  the 
fractographic  experience  level  of  the  analyst.  MIL  HDBK-790  attempts  to 
rationalize  and  guide  fractographic  analysis  of  ceramics  which  will  lead  to  more 
consistency  and  clarity  in  the  interpretation  and  characterization  of  fracture 
origins. 

The  handbook  also  serves  as  a  bridge  between  mechanical  testing 
standards  and  statistical  analysis  standards  to  permit  comprehensive 
interpretation  of  the  data  for  design,  Figure  1 .  Although  the  procedures 
described  in  MIL  HDBK-790  are  primarily  for  the  analysis  of  mechanical  test 
specimens  loaded  in  so-called  "fast  fracture,"  they  can  be  extended  to  include 
other  modes  of  loading  and  are  relevant  to  component  failure  analysis. 

Painstaking  efforts  were  taken  to  develop  a  handbook  which  addressed 
the  concerns  of  all  types  of  ceramic  engineers  (processing,  R&D,  testing  and 
design)  as  well  as  the  concerns  of  those  involved  in  quality  control,  materials 
research  and  development,  and  design  applications.  Input  from  colleagues  in 
these  various  disciplines  was  immensely  helpful  in  the  formation  of  this 
handbook.  However,  were  still  some  issues  which  warranted  additional  study  in 
order  to  lead  to  improvements  in  the  handbook.  The  ultimate  test  comes  with 
the  use  of  the  handbook  and  it's  characterization  scheme.  To  this  end,  a  round 
robin  exercise  was  organized  through  the  auspices  of  VAMAS  (Versailles  Project 
on  Advanced  Materials  and  Standardization).  The  exercise  was  designed  to 
evaluate  the  applicability  of  the  handbook  to  a  range  of  ceramics,  to  determine 
whether  the  participants  could  reach  a  consensus  on  the  characterization  of 
fracture  origins,  and  to  solicit  suggestions  and  refinements  to  the  handbook. 

There  were  a  total  of  seventeen  agencies/institutes/laboratories  which 
participated  in  this  round  robin  exercise,  Table  1.  This  group  included  eight 
government  agencies,  one  academic  institute  and  eight  industrial  participants. 
Eight  nations  were  represented.  The  exercise  was  divided  into  three  topics. 
Topic  #1  addressed  the  detection  and  interpretation  of  machining  damage  on 
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Figure  1 .  Relationship  of  fractographic  analysis  with  mechanical  property  testing  and  statistical  analysis. 


photographs  of  ceramic  specimens.  Topic  #2  dealt  with  the  fractographic 
analysis  of  ceramic  specimens.  Topic  #3  was  optional,  and  asked  the 
participants  to  perform  fractography  on  a  ceramic  material  of  their  choice. 

Table! 

ROUND  ROBIN  PARTICIPANTS 


COUNTRY 

AGENCY 

INVESTIGATOR 

AFFILIATION* 

Belgium 

VITO 

Dr.  W.  Vandermeulen 

1 

France 

Desmarquest 

Dr.  B.  Cales 

1 

Germany 

BAM  Berlin 

Dr.  C.  Ullner 

G 

KfK  Karlsruhe 

Dr.  D.  Munz  &  Dr.  T.  Fett 

G 

FhG  Fraunhofer 

Dr.  T.  Hollstein 

1 

Netherlands 

JRC  Petten 

Dr.  M.  Steen  &  Dr.  P.  Moretto 

G 

United  Kingdom 

National  Physical  Laboratory 

Dr.  R.  Morrell 

G  .. 

Morgan  Materials  Technology  Ltd 

Mr.  R.  Stannard 

1 

USA 

NASA-Lewis  Research  Center 

Mr.  J.  Salem 

G  • 

Allied  Signal/Garrett  Auxiliary  Power 

Mr.  H.  Fang  &  Dr.  J.  Wimmer 

1 

Alfred  University 

Dr.  J.  Varner 

A 

Oak  Ridge  National  Laboratory 

Dr.  K.  Breder 

G 

Osram-Sylvania 

Ms.  G.  Meyers 

1 

W.R.  Grace  &  Co. 

Dr.  R.  Rice 

1 

Eaton  Corporation 

Mr.  J.  Edier 

1 

Switzerland 

EMPA 

Mr.  J.  KQbler 

G 

Sweden 

SP  Boras 

Dr.  L.  Carlsson 

G 

*  G  -  Government;  I  -  Industry;  A  -  Academia 

The  following  report  outlines  the  round  robin  exercise,  provides  an 
analysis  of  the  results,  describes  possible  refinements  to  the  handbook,  and 
identifies  issues  which  must  be  resolved.  Each  round  robin  topic  is  addressed 
separately  within  the  report  but  a  final  section  summarizes  the  overall 
conclusions  and  outlines  further  actions  to  be  taken. 
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Questionnaire  -  Participants’  Background  Information 

Each  participant  was  asked  to  fill  out  a  questionnaire  to  provide  essential 
background  information  on  their  level  of  fractographic  experience  as  well  as  the 
ceramic  materials  and  fractographic  procedures  typically  used  in  their 
laboratory.  A  copy  of  the  entire  questionnaire  is  shown  in  Appendix  1  and  a 
synopsis  of  the  information  is  given  below. 

What  is  the  Fractoaraohers'  Fractographic  Experience?  Since 
fractography  can  be  interpretive,  fractographic  skill  requires  not  only  a 
comprehensive  understanding  of  the  fundamentals  of  fractography  but  hands-on 
experience  as  well.  Fractography  is  a  continual  learning  experience  and  the 
success  of  finding  and  accurately  characterizing  fracture  origins  is  a  function  of 
this  experience  level. 

It  was  important  in  this  exercise  to  know  the  level  of  experience  of  each 
participant.  The  combined  fractographic  experience  of  the  participants  was  over 
149  years  but  as  can  be  seen  in  Table  Q.1  the  experience  level  varies 
significantly  with  each  participant.  Prior  to  this  exercise  one  participant  had 
never  performed  fractography,  while  three  others  had  a  year  or  less  of 
fractographic  experience  with  ceramic  materials.  At  the  other  extreme,  one 
participant  had  27  years  of  experience,  albeit  with  glasses,  while  another  had  35 
years  of  experience  with  ceramics  and  glasses.  Eight  participants  had  between 
5  and  10  years  of  experience.  The  median  amount  of  experience  per  participant 
was  slightly  less  than  9  years.  It  is  interesting  to  note  that  one  participant  with 
1 5  years  of  experience  considered  himself  an  "intermittent  amateur". 

Six  participants  listed  a  "combined"  experience  level.  It  should  be  pointed 
out  that  one  individual  with  10  years  of  fractographic  experience  is  significantly 
different  from  several  individuals  with  10  years  of  experience  between  them. 

What  is  the  Fractoaraohers'  Experience  with  Particular  Ceramic 
Materials?  The  conduciveness  of  the  ceramic  to  fractographic  analysis  varies 
with  each  material.  Dense,  fine-grained  or  amorphous  ceramics  are  very 
amenable  to  fractography  since  they  typically  leave  distinct  fracture  markings 
(mirror  and  hackle)  which  will  aid  in  locating  the  fracture  origin.  On  the  other 
hand,  porous  or  coarse-grained  ceramics  and  lower-energy  ceramic  fractures 
will  be  less  conducive  because  the  mirror  and  hackle  are  difficult  to  properly 
identify  if  they  even  exist.  In  some  instances,  especially  in  very  strong  ceramics, 
the  fracture  origin  may  be  extremely  small  and  difficult  to  differentiate  from  the 
normal  microstructural  features  or  a  critical  piece  of  the  fracture  surface  may 
have  been  lost  during  strength  testing. 

The  participants  were  asked  to  indicate  their  familiarity  with  a  variety  of 
advanced  structural  ceramics.  (Since  the  handbook  is  applicable  to  simple 
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ceramic  composites  such  as  whisker-  and  particulate-reinforced  composites 
these  were  included  in  the  ranking.)  As  can  be  seen  in  Table  Q.2  many  of  the 
participants  indicated  that  a  majority  of  their  fractographic  experience  was 
obtained  by  examining  fractures  in  silicon  nitride  specimens.  The  least  common 
was  titanium  diboride.  Only  four  participants  indicated  they  had  any  experience 
with  this  ceramic  material.  Whisker-  and  particulate-reinforced  ceramics  also 
tended  to  be  very  low  on  the  experience  list. 

Table  Q.1 

PARTICIPANTS'  FRACTOGRAPHIC  EXPERIENCE  LEVEL 


No.* 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 
12 
13 

15 

16 

17 

18 


Experience  (Yrs)  Comments 

6.5 
10 

1 0+  Combined  experience  of  3  people 

5.5 
35 

1 0+  Combined  experience  of  2  people 

27  Mostly  with  glass 

3 
1 

7  Investigator  plus  Institute  experience 

15  "Intermittent  amateur" 

0  First  fractographic  effort 

0 
1 

2  Combined  experience  of  2  people 

6  Combined  Institute  experience?? 

10  Combined  Institute  experience 


Total  Experience** 
Median  Experience 
Minimum  Experience 
Maximum  Experience 


149  years 
8.8  years 
0  years 
35  years 


*  Participant  14  failed  to  report. 

~  The  organizers  had  more  than  28  years  of  experience  between  2  people.  This  value  is  not  included  in  the  above  calculations. 

Why  and  How  Much  Fractoaraohv  is  Typically  Done?  MIL  HDBK-790  and 
the  questionnaire  list  three  levels  of  suggested  fractographic  sampling:  Quality 
Control  (Level  1 ),  Materials  Research  &  Development  (Level  2),  and  Design 
(Level  3).  These  levels  were  created  because  it  may  not  be  feasible,  practical, 
or  even  necessary  to  examine  all  fracture  surfaces  within  a  given  specimen  set. 
Quality  control  may  only  require  the  analysis  of  specimens  which  fracture  below 
a  given  strength  level.  In  contrast.  Design  might  require  100%  characterization 
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*  The  organizers  had  experience  with  the  following  ceramic  materials:  Zr02,  Si3N4,  AI2O3,  SiC,  Al203/SiC.  ZTA/SiC(w),  Zr02/SiC(w),  ZTA,  Si3N4/SiC(fiber)  and  glasses. 


of  all  identifiable  fracture  origins.  Over  half  of  the  participants  stated  that 
Materials  Research  &  Development  was  their  main  purpose  for  fractography  . 
Two  listed  Quality  Control  and  two  others  listed  Design. 

Does  the  Fractoaraoher  also  do  the  Strength  Testing?  Although  it  is  not 
critical  to  proper  characterization  of  fracture  origins,  having  the  same  person 
conduct  the  strength  testing  and  fractoaraphic  analysis  can  improve  the 
confidence  of  the  characterization.  All  but  one  of  the  participants  stated  that 
they  do  their  own  strength  testing.  This  number  may  be  misleading  since  six 
participants  responded  based  on  their  agencies  experience  rather  than  the 
individual's  own  experience.  In  fact  one  participant  circled  "yes"  but  added: 
"sometimes;  students  do  much  of  it". 

Are  Specimen  Cleaned  and  if  so  How  Much?  The  myriad  of  contaminants 
present  in  a  laboratory  environment  and  the  amount  of  handling  a  specimen  can 
receive  often  result  in  the  contamination  of  the  fracture  surfaces.  Upon 
examination  some  of  these  contaminants  can  be  inadvertently  labeled  as  the 
fracture  origin.  Therefore  cleaning  can  be  important  to  fractography.  All  but 
three  participants  responded  that  cleaning  is  a  normal  part  of  their  fractographic 
analysis.  Some  stated  that  they  only  dean  "if  necessary"  or  if  they  are  going  to 
•examine  the  fracture  surfaces  using  the  Scanning  Electron  Microscope  (SEM). 

Care  also  has  to  be  taken  in  the  selection  of  the  cleaning  solution.  The 
solution  must  not  contaminate  the  surface  further.  When  cleaning  is  necessary 
the  participants  responded  that  it  is  typically  done  in  an  ultrasonic  bath  of 
ethanol,  methanol  or  acetone.  Some  follow  the  acetone  cleaning  with  another 
cleaning  in  ethanol  or  methanol,  or  simply  rinse  the  specimens  in  one  of  these 
alcohols.  (When  acetone  dries  it  can  leave  a  residual  layer  on  the  surface.)  In 
instances  were  ultrasonic  cleaning  is  deemed  unnecessary,  the  specimens  are 
"cleaned"  with  compressed  air.  One  of  the  three  participants  who  said  "no"  has 
never  performed  fractography  prior  to  this  exercise. 

Is  Optical  Fractography  a  Normal  Part  of  Your  Fractoaraphic  Analysis? 
Over  two-thirds  of  the  participants  indicated  that  optical  microscopy  is  a  normal 
part  of  their  analysis  procedure.  The  participant  with  35  years  of  experience 
stated:  "Before  SEM  it  was  my  only  method.".  Typically  a  stereo  or  binocular 
microscope  is  used  because  it  provides  good  depth  of  field  and  working 
distances.  The  purposes  behind  this  examination  are  to  "get  acquainted"  with 
the  material,  locate  the  primary  fracture  origin,  observe  the  general  fracture 
features,  save  time  on  the  Scanning  Electron  Microscope  (SEM)  and  if  possible, 
identify  the  fracture  origin.  Three  participants  circled  "no",  but  did  not  provide 
any  additional  information. 

Is  Scanning  Electron  Microscopy  (SEM)  a  Normal  Part  of  Your 
Fractoaraphic  Analysis?  The  SEM  is  one  of  the  most  powerful  tools  available  to 
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a  fractographer.  This  is  especially  true  in  the  case  of  translucent  ceramics  or 
when  fractography  is  required  on  ceramics  which  failed  at  very  high  stress  levels 
(approaching  or  exceeding  1  GPa)  were  the  fracture  origin  is  extremely  small. 

All  but  two  participants  use  the  SEM  as  a  normal  part  of  fractography.  One  "no" 
was  followed  by  the  comment  "unless  further  identification  is  needed",  while  the 
other  stated  that  "Sometimes  we  use  both."  (Optical  and  SEM). 

Are  Specimens  Coated  Prior  to  SEM  Analysis?  Only  one  participant 
circled  "no".  The  remainder  used  coatings  at  various  times.  Some  coated  the 
specimens  all  the  time  while  others  were  selective  when  they  used  coatings.  In 
the  latter  case,  coatings  were  applied  only  after  the  examination  of  an  uncoated 
specimen  at  low  acceleration  voltages  was  fruitless.  A  few  participants  had 
access  to  a  Field  Emission  Microscope  which  eliminates  the  need  for  coatings. 

Typical  coatings  were  Au,  Au/Pd,  and  C.  Other  coatings  mentioned  were 
Cu  and  Pt.  The  metallic  coatings  were  up  to  200  A  thick  and  applied  by 
sputtering.  Carbon  coatings  were  deposited  by  evaporation.  The  metallic 
coatings  were  applied  to  improve  the  image  while  a  carbon  coating  was  added 
when  elemental  analysis  was  required. 

Is  Energy  Dispersive  Spectroscopy  (EDS)  a  Normal  Part  of  Your 
Fractopraphic  Analysis?  An  elemental  analysis  of  the  fracture  origin  and 
surrounding  area  can  be  extremely  helpful  during  fractography.  This  is 
especially  true  when  the  origin  is  compositionally  different  from  the  normal 
microstructure,  i.e.,  inclusion  or  the  non-uniform  distribution  of  a  second  phase. 

It  was  generally  agreed  upon  by  the  participants  that  EDS  is  a  normal  part  of 
fractography,  but  for  some  participants,  only  on  an  "as  needed  basis". 

Is  Microstructural  Analysis  a  Normal  Part  of  Your  Fractoaraohic  Analysis? 
The  information  obtained  from  the  microstructural  analysis  of  a  polished  section 
can  aid  a  fractographer,  especially  to  determine  if  the  fracture  origin  is  part  of 
the  normal  microstructural  features  or  is  an  aberrant  feature. 

The  response  to  this  question  was  mixed.  Six  participants  stated  that  this 
analysis  was  not  a  normal  part  of  their  fractographic  analysis.  Five  others  stated 
that  they  used  microstructural  analysis  to  detect  pores  or  agglomerates,  and  to 
determine  the  size  and  shape  of  grains.  A  majority  of  the  participants  said  that 
this  analysis  was  done  on  an  "as  needed  basis"  or  that  it  was  part  of  the  overall 
characterization  of  the  material,  not  just  for  fractographic  purposes. 
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Topic  #1  -  Characterization  Of  Machining  Damage 
Topic  #1:  Objective 

To  detect  and  interpret  machining  damage  in  a  variety  of  advanced 
structural  ceramics. 


Topic  #1:  Background 

MACHINING  DAMAGE  -  Machining  damage  can  be  very  difficult  to  identify  since 
the  associated  subsurface  microcracking  can  blend  into  the  microstructure, 
when  viewed  on  the  fracture  surface  and  because  there  may  be  no  discernible 
marks  left  on  the  machined  surface(s).  (Subsurface  cracking  often  has  little 
relationship  to  the  final  surface  roughness  or  topography.)  The  latter  is  a 
consequence  of  the  fine  grinding  steps  involved  in  the  last  stages  of  normal 
machining  processes.  Since  most  ceramic  pieces  require  some  degree  of 
machining,  damage  induced  during  this  process  can  limit  the  strength  of  the  final 
product.  This  will  be  especially  true  as  refined  or  improved  manufacturing 
techniques  reduce  or  eliminate  sintering  irregularities  and  abnormal  or  gross 
material  fracture  origin  types.  The  precision  and  control  available  in  ceramic 
machining  technology  may  make  it  possible  to  control  the  type  and  size  of 
machining  damage  imparted  to  a  ceramic  piece.  In  principle,  if  machining 
damage  is  the  controlling  origin,  this  may  create  a  ceramic  with  a  known 
strength-limiting  origin  population.  Therefore,  the  accurate  characterization  of 
machining  damage  will  be  imperative.  References  10  and  1 1  discuss  the 
formation  of  subsurface  machining  damage  and  its  affects  on  strength. 

ESTIMATING  THE  FRACTURE  ORIGIN  SIZE  -  The  round  robin  instructions  did 
not  state  explicitly  that  fracture  mechanics  should  be  used  as  an  aid  in 
identifying  the  origin.  MIL  HDBK-790  encourages  the  use  of  fracture  mechanics, 
however,  the  organizers  were  eager  to  see  how  many  participants  would  actually 
use  fracture  mechanics  analysis.  For  each  specimen  the  necessary  background 
information,  including  fracture  toughness,  was  given. 

The  following  equations  can  be  used  to  estimate  the  size  of  fracture 
origins  and  fracture  mirrors  as  discussed  in  section  2.1.8  of  MIL  HDBK-790. 
Linear  elastic  fracture  mechanics  relates  strength,  fracture  toughness  and 
fracture  origin  size  for  an  origin  in  a  ceramic  as  follows: 

Kic  =  Yo  Vc  (la) 

where  is  the  fracture  toughness,  Y  is  a  unitless  shape  factor  for  the  origin 
which  takes  in  to  account  a  number  of  geometric  factors  including  the  severity  of 
the  crack,  a  is  the  fracture  stress,  and  c  is  some  measure  of  the  fracture  origin 
size  (e.g.  depth). 
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Equation  1a  can  be  rearranged  to  estimate  the  size  of  the  fracture  origin 
when  the  strength  and  fracture  toughness  values  are  known,  Equation  1b  . 

c  =  {K„/(Yc)}2  (1b) 

Compendiums  and  handbooks  which  contain  Y  values  for  a  variety  of  cracks  in 
various  stress  states  are  available  (see  references  cited  in  Appendix  2).  A  Y 
value  can  be  obtained  from  the  Newman  and  Raju''2  analysis  for  fracture  origins 
which  are  essentially  semicircular  or  semielliptical  and  located  at  the  surface. 
This  analysis  determines  the  Y  at  the  surface  and  depth  of  the  origin  and  uses 
the  maximum  value  in  either  Equation  la  or  1b.  Figure  1.1  schematically  shows 
how  this  analysis  applies  to  these  geometries.  In  a  number  of  examples  below, 
Equation  la  or  1b  will  be  applied  to  fracture  origins.  The  origins  will  be  modeled 
by  circles,  ellipses,  semicircles  or  semiellipses,  but  it  should  be  understood  that 
these  are  only  approximations  to  the  real,  three-dimensional  origin  shapes. 

ESTIMATING  THE  FRACTURE  MIRROR  SIZE  -  Similarly  an  estimate  of  the 
mirror  size  can  be  made  using  the  relationship  between  the  mirror  size  and  the 
strength  of  the  specimen.  Equation  2a, 

r  =  (A/a)2  (2a) 

where  r  is  the  radius  of  the  fracture  mirror,  A  is  the  appropriate  mirror  constant 
for  the  specific  ceramic  material,  and  a  is  the  fracture  strength  at  the  origin  in  a 
specimen  or  component.  Equation  2a  can  be  rearranged  to  estimate  the 
strength  of  the  ceramic  when  the  mirror  size  is  known. 

a  =  A/Vr  (2b) 

Mirror  constants  have  the  same  set  of  units  (MPa*Vm)  as  fracture  toughness. 
Since  the  fracture  mirror  is  larger  than  the  fracture  origin,  the  mirror  constant 
must  be  larger  than  the  fracture  toughness. 

Topic  #1:  Approach 

Three  identical  sets  of  photographs  were  sent  to  the  participants.  Each 
set  was  of  one  specimen  and  contained  three  pairs  of  photographs,  taken  at 
different  magnifications,  of  the  mating  halves  of  the  primary  fracture  surface. 

The  photograph  sets  were  from  three  specimens  of  the  following  three  ceramic 
materials: 


Set  #1 :  Zirconia/Alumina  composite 
Set  #2:  Silicon  Nitride 
Set  #3:  Alumina 
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Figure  1 .1 .  Schematic  diagram  of  how  the  shape  factor  (Y)  varies  at  the  depth  and  surface  as  the 
shape  of  a  surface-located  origin  changes  from  a  semicircle  to  an  elongated  semiellipse.  The  shape 
factor  is  determined  by  the  Newman-Raju‘*2  analysis.  It  is  assumed  that  the  cracks  are  small 
relative  to  the  specimen  thickness.  Note  that  the  maximum  stress  intensity  factor  is  at  the  surface 
intersection  of  the  semicircular  precrack,  but  for  semiellipses,  it  shifts  to  the  deepest  part  of  the 
precrack  periphery  and  becomes  larger  in  magnitude  as  the  semiellipse  becomes  elongated. 
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These  specimens  were  machined  according  to  the  guidelines  given  in  MIL 
STD  1942A,  ASTM  C  1161,  and  CEN  ENV  843-1.  The  machining  guidelines 
provided  in  these  standards  are  designed  to  minimize  all  forms  of  machining 
damage  (i.e.,  chips  and  deep  striations).  Nevertheless  some  machining  damage 
could  occur. 

The  organizers  believe  that  the  specimens  used  for  these  photograph 
sets  failed  from  machining  damage,  in  part  due  to  the  benefit  of  examining  many 
specimens  from  these  materials.  This  enabled  the  organizers  to  discern  the 
differences  between  material  related  origins  and  machining-related  origins.  The 
participants  did  not  have  access  to  the  original  three  specimens,  or  to  all  the 
other  specimens  and  thus,  were  handicapped  in  their  fractographic  analysis.  It 
should  also  be  noted  that  machining  damage  is  often  typified  by  several 
microcracks,  any  one  or  combination  of  which  could  be  the  specific  origin.  In 
these  instances,  the  organizers  make  no  claim  with  absolute  certainty  as  to 
which  is  the  "true"  origin  and  indeed,  the  organizers  were  eager  to  learn  how  the 
participants  responded  in  such  cases. 

Topic  #1:  Instructions 

The  participants  were  asked  to  locate  the  fracture  origin  on  the 
photograph  with  the  lowest  magnification  and  then  mark  the  fracture  origin  and 
associated  fracture  mirror  directly  on  any  of  the  photographs  using  some  form  of 
permanent  markings.  They  were  asked  to  characterize  the  origin  using  the 
scheme  of  identity,  location  and  size  outlined  in  MIL  HDBK-790  and  report  the 
size  of  the  fracture  mirror.  Complete  instructions  are  given  in  Appendix  1 . 

Topic  #1:  Results 

OVERALL  COMMENTS  -  Six  of  the  participants  marked  both  halves  of 
the  photograph  set  while  five  marked  only  one  half  of  the  photograph  set.  Five 
participants  marked  both  halves  of  the  fracture  surface,  but  not  for  all  three  sets. 
One  participant  did  not  mark  the  photographs.  Participant  14  failed  to  report. 

Each  photograph  set  will  be  dealt  with  individually  since  there  are  three 
different  specimens  involved.  The  results  section  for  each  set  contains  copies  of 
the  photograph  set,  the  material  information  that  the  participants  received,  the 
organizers'  characterization  of  each  fracture  origin  and  the  participants'  results. 

Photograph  Set  #1:  Zirconia/Alumina  Composite  fTSZ-141 

The  three  pairs  of  photographs  of  the  zirconia/alumina  composite 
provided  to  the  participants  are  shown  in  Figure  1 .2.  All  participants  received 
the  material  information  given  in  the  next  paragraph.  The  participants'  results 
are  summarized  in  Table  1.1. 
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Figure  1 .2.  The  three  pairs  of  photographs  for  Set  #1  (TSZ-14)  which  were  provided  to  the 
participants.  T"  denotes  the  tensile  surface. 
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Table  1.1 

PARTICIPANTS'  RESULTS  FROM  PHOTOGRAPH  SET#1:  ZIRCONIA/ALUMINA  (TSZ-14) 

Fracture  Origin  Mirror 
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-  FM:  ORIGIN  SIZES  ARE  DETERMINED  FROM  EQUATION  lb  (Y  =  1.4  ASSUMING  A  SEMICIRCULAR  OR  SEMIELLIPTIAL  SURFACE  CRACK)  AND  MIRROR 
SIZES  ARE  DETERMINED  FROM  EQUATION  2a  USING  PUBLISHED  MIRROR  CONSTANTS 

-  ?  NOT  MEASURED;  *  INDICATES  DEPTH  RATHER  THAN  RADIUS 

-  +  INDICATES  r  WAS  MEASURED  AT  SOME  LOCATION  OTHER  THAN  ALONG  THE  TENSILE/FRACTURE  SURFACE  INTERFACE 

-  ALL  DIMENSIONS  ARE  GIVEN  IN  MICROMETERS  UNLESS  STATED  OTHERWISE 


MATERIAL  INFORMATION  -  The  ceramic  was  a  zirconia/alumina 
composite  which  contained  75  w/o  tetragonal  zirconia,  partially  stabilized  by  4.2 
w/o  yttria,  with  20  w/o  a-alumina.  It  was  formed  into  large  billets  through  a 
sinter/hot  isostatic  press  process.  The  specimen  was  a  machined  flexure  bar  of 
the  following  nominal  dimensions:  3mm  x  4mm  x  50mm.  Fracture  toughness,  as 
determined  by  the  indentation-strength  technique'll,  using  a  10kg  load,  was 
approximately  5  MPa*Vm.  Average  grain  size  of  the  zirconia  was  «  0.4  pm  and 
that  of  the  alumina  is  «  0.6  pm.  The  specimen  was  heat  treated  in  air  for  1 00 
hours  at  1000°C  prior  to  four-point  flexure  testing,  in  air,  at  room  temperature. 
Flexure  strength  of  this  particular  specimen  was  1 552  MPa.  The  strength, 
toughness  and  grain  size  values  for  this  specimen  were  obtained  from 
Reference  14. 

ORGANIZERS'  CHARACTERIZATION  -  The  organizers  identified  the 
fracture  origin  in  this  specimen  as  machining  damage.  The  organizers  outlined 
subsurface  cracks  which  have  either  a  semicircular  (Figure  1 .36)  or  a 
semielliptical  (Figure  1 .30)  shape  as  the  possible  machining  damage.  The 
depth  of  the  crack,  in  either  case,  is  approximately  1 5  pm.  In  accordance  with 
the  characterization  scheme  in  MIL  HDBK-790  the  origin  in  this  specimen  was 
labeled  as  follows: 

Machining  Damage  (MD®),  Surface,  depth  «  15  pm. 

The  mirror  diameter  (2r)  was  estimated  fractographically  to  be  between  130  and 
160  pm. 

PARTICIPANTS'  RESULTS  -  IDENTITY  IN  ZIRCONIA/ALUMINA  - 
Although  the  participants  were  told  that  the  fracture  origin  was  machining 
damage,  two  did  not  completely  agree.  One  felt  the  origin  was  "weakly-bonded 
material"  and  another  thought  it  was  the  interaction  between  a  porous  seam  and 
machining  damage.  Several  participants  marked  damage  on  the  tensile  surface 
of  the  specimen  such  as  striations  or  grooves  and  one  said  "No  direct  evidence 
of  machining  damage".  Participant  4  stated  that  it  looked  like  a  "shallow  half¬ 
penny-shaped  crack"  and  participant  7  reported  that  it  was  a  "linked  set  of 
subsurface  cracks". 

PARTICIPANTS'  RESULTS  -  LOCATION  IN  ZIRCONIA/ALUMINA  -  The 
consensus  was  that  the  origin  was  located  at  the  surface.  However,  one 
participant  believed  the  origin  was  close  to  but  not  at  the  surface  (thus  the  near 
surface  label)  while  another  established  the  origin  as  being  located  at  an  edge. 

PARTICIPANTS'  RESULTS  -  FRACTURE  ORIGIN  SIZE  IN 
ZIRCONIA/ALUMINA  -  The  values  and  methods  of  reporting  the  size  of  the 
fracture  origin  widely  varied  between  participants.  Some  participants  reported 
diameters  (2c)  while  others  reported  radius  (c)  values.  Still  others  reported  an 
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Figure  1 .3.  High  magnification  photographs  of  one  half  of  the  fracture  surface  from  Set  #1  (TSZ- 
14).  A)  Unmarked.  B)  The  organizers  outlined  two  possible  semicircular  origins.  Arrows 
indicate  possible  striations  on  tensile  surface.  C)  The  organizers  outlined  a  possible 
semielliptical  origin.  "T"  denotes  the  tensile  surface. 
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origin  depth  or  a  2-dimensional  value  of  depth  by  width.  Eleven  participants 
reported  a  single  value,  either  2c,  c  or  origin  depth,  while  five  others  listed  a  2- 
dimensional  origin  size.  One  did  not  report  a  size.  It  is  interesting  to  note  the 
consistency  of  the  values  of  the  participants  who  reported  an  origin  depth. 

Seven  of  the  eight  participants  who  reported  depth  had  a  value  between  1 0  and 
15  |im  which  concurs  with  the  organizers  assessment. 

Equation  1b  estimates  an  origin  radius  (c)  of  5.3  pm  based  on  the 
strength  and  toughness  numbers  provided  and  an  assumed  shape  factor  (Y),  for 
a  semicircular  origin  located  at  the  surface,  of  1 .4.  Only  three  of  the  participants 
(5,  9  &  1 1 )  reported  that  they  used  fracture  mechanics  to  assist  them  in  their 
determination  of  the  origin  size.  Two  (5  &  1 1 )  used  the  provided  strength  and 
toughness  numbers  to  predict  the  size.  Participant  5  estimated  the  origin  size 
but  did  not  report  a  value  because  the  origin  was  "not  clearly  discernible". 
Participant  9  used  the  fractographically  measured  origin  size  to  estimate  the 
fracture  toughness  and  compared  this  to  the  value  provided.  The  specimen 
strength,  their  measured  origin  depth  and  a  Y  of  1.43  (determined  from  Ref.  12) 
were  inserted  into  Equation  la  which  yielded  a  value  of  7.3  MPaWm. 

PARTICIPANTS’  RESULTS  -  MIRROR  SIZE  IN  ZIRCONIA/ALUMINA  -  In 
general  the  participants  had  trouble  determining  the  size  of  the  fracture  mirror. 
First,  there  was  difficulty  in  ascertaining  the  boundary.  Several  said  the  mirror 
was  not  obvious  or  that  they  could  not  discern  it.  One  stated  the  "mirror  is  easily 
seen  but  hard  to  define".  As  a  result  a  wide  range  of  mirror  sizes  were  reported. 
Second,  the  participants'  measured  and  reported  their  mirror  sizes  differently. 
The  values  were  reported  either  as:  a  diameter  (2r):  a  radius  (r);  a  depth,  or  as 
a  2-dimensional  value  (depth  by  width). 

It  is  possible  to  estimate  the  radius,  or  the  diameter,  of  a  fracture  mirror 
using  Equation  2a.  The  estimated  diameter  of  the  fracture  mirror,  using  the  only 
two  mirror  constants  (Aq)  found  in  the  literature  for  zirconia^S  (7.4  and  15.2 
MPaWm),  is  between  45  and  192  pm.  Fifteen  of  the  seventeen  participants 
values  fell  within  this  estimated  range.  Table  1.1.  Participant  8  reported  a  value 
only  slightly  larger  than  the  estimated  number,  while  participant  17  gave  two  sets 
of  maximum/minimum  values,  both  of  which  were  significantly  larger  than  the 
estimated  range. 

None  of  the  participants  apparently  used  Equation  2a  to  help  them 
determine  the  mirror  size.  However,  participant  4  estimated  the  fracture 
toughness  by  calculating  a  mirror  constant.  Equation  2b  was  rearranged  to 
calculate  A  from  the  strength  and  measured  mirror  diameter.  The  participant 
then  divided  A  by  2  to  yield  a  estimate  of  4.9  MPaWm.  Reference  15  shows 
that  mirror  constants  (A)  are  typically  2-3  times  larger  than 
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Photograph  Set  #2  -  Silicon  Nitride  (SN-5) 


Figure  1 .4  are  the  photographs  provided  to  the  participants.  The  material 
information  sent  to  the  participants  is  given  below.  Table  1.2  summarizes  their 
findings. 

MATERIAL  INFORMATION  -  The  ceramic  was  a  silicon  nitride  which  was 
hot-pressed  with  8  w/o  yttria.  The  specimen  was  2.16mm  x  2.16mm  x  50mm  in 
size  and  was  machined  from  a  large  billet.  The  fracture  toughness  was 
measured  as  6.2  MPaWm  from  double  torsion  tests'!  6.  Cross  section  size  of  the 
grains  ranged  from  1-3  pm  and  the  apparent  aspect  ratio  was  6;1  to  8;1 .  The 
room  temperature  four-point  flexure  strength  of  this  particular  specimen,  in  air, 
was  910  MPa.  All  of  this  information  was  provided  to  the  participants. 

ORGANIZERS'  CHARACTERIZATION  -  Machining  damage  was 
identified  by  the  organizers  as  the  fracture  origin  in  this  specimen.  Several 
semicircular  and  semielliptical  subsurface  cracks  are  outlined  by  the  organizers 
in  Figures  1.5B  and  1.5C,  respectively,  as  the  possible  machining  damage.  All 
are  equally  plausible  interpretations  of  the  fracture  origin.  The  semielliptical 
crack  in  Figure  1 .5C  may  be  a  linked  set  of  semicircular  cracks.  The  depth  of 
the  crack  of  either  geometry  was  «  25  pm.  Complete  characterization  of  the 
fracture  origin  is: 

Machining  Damage  (MDS),  Surface,  depth  «  25  pm. 

The  mirror  diameter  was  estimated  fractographically  to  be  about  330  pm. 

PARTICIPANTS'  RESULTS  -  IDENTITY  IN  SILICON  NITRIDE  -  There 
was  unanimous  agreement  with  the  identification  of  the  fracture  origin  as 
machining  damage.  Two  participants  felt  the  origin  resembled  a  controlled 
surface  origin  i.e.,  "shallow  half-penny-shaped  crack".  (These  were  not 
artificially  induced  cracks!)  The  same  participants  who  marked  damage  on  the 
tensile  surface  (striations  or  grooves)  of  the  zirconia/alumina  composite  (set  #1 ) 
did  the  same  for  this  specimen. 

PARTICIPANTS'  RESULTS  -  LOCATION  IN  SILICON  NITRIDE  -  The 
consensus  was  that  the  origin  was  located  at  the  surface,  however,  there  were 
three  participants  who  felt  the  origin  was  located  elsewhere.  One  felt  it  was 
located  "at  the  edge",  one  thought  it  was  "near-to-the-surface".  while  the  third 
was  not  sure  if  it  was  surface  or  near  surface. 

PARTICIPANTS'  RESULTS  -  FRACTURE  ORIGIN  SIZE  IN  SILICON 
NITRIDE  -  As  was  the  case  with  photograph  set  #1  there  was  a  wide  variation  in 
what  was  measured  and  how  it  was  reported.  Eleven  participants  reported  a  2c, 
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Figure  1 .4.  The  three  pairs  of  photographs  for  Set  #2  (SN-5)  which  were  provided  to  the 
participants.  T"  denotes  the  tensile  surface. 
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Table  1.2 

PARTICIPANTS’  RESULTS  FROM  PHOTOGRAPH  SET  #2:  SILICON  NITRIDE  (SN-5) 
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Figure  1 .5.  High  magnification  photographs  of  one  half  of  the  fracture  surface  from  Set  #2  (SN- 
5).  A)  Unmarked.  B)  The  organizers  outlined  three  possible  semicircular  origins.  Arrows 
indicate  possible  striations  on  tensile  surface.  C)  The  organizers  outlined  a  possible 
semielliptical  origin.  "T"  denotes  the  tensile  surface. 
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c  or  depth  value,  three  reported  a  2-dimensional  value  and  the  remaining  three 
did  not  report  a  value  because  they  were  uncertain  as  to  what  was  the  fracture 
origin. 


Equation  1b  predicts  a  fracture  origin  radius  (c)  of  23.5  pm  (Y  =  1.4,  for  a 
semicircular  surface  origin  located  at  the  surface).  The  same  three  participants 
who  used  fracture  mechanics  in  set  #1  also  used  it  here  and  in  the  same 
manner.  Participant  9  again  calculated  the  toughness,  from  Equation  la,  to  be 
6.6  MPaWm  (Y  =  1.38  from  Reference  12).  Six  participants  were  in  general 
agreement  with  the  estimated  size  of  the  fracture  origin.  Three  of  these  reported 
the  origin  depth. 

PARTICIPANTS'  RESULTS  -  MIRROR  SIZE  IN  SILICON  NITRIDE  - 
Again  there  was  a  problem  in  clearly  seeing  and  defining  the  fracture  mirror 
associated  with  this  fracture  origin.  The  comments  given  in  set  #1  are 
applicable  here  as  well. 

A  mirror  size  range  {2r)  was  estimated  using  the  lowest  (8.9  MPaWm)''^ 
and  highest  (18.1  MPaWm)'l3  mirror  constant  values  found  in  the  literature  for 
this  class  of  silicon  nitride.  The  resultant  diameter  range  is  192-792  pm.  The 
results  from  ten' participants  fit  into  this  very  large  range.  Four  participants  (1,3, 
7  &  12)  reported  values  which  were  below  this -range  while  participant  17  again 
reported  a  value  above  the  range.  Participants  15  &  16  did  not  report  a  value. 
Participant  15  stated  "no  mirror  found"  and  16  indicated  the  presence  of 
"contours"  at  30,  270,  290  and  670  pm  but  did  not  specify  which  one  might  be 
the  mirror.  Again  none  of  the  participants  estimated  the  mirror  size  using 
Equation  2a,  but  as  in  set  #1  participant  4  estimated  the  toughness  to  be  6.3 
MPaWm  from  a  calculated  mirror  constant. 

Photograph  Set  #3  -  Alumina  (RR81 

The  photographs  provided  to  the  participants  are  shown  in  Figure  1 .6  and 
the  background  information  for  this  ceramic  material  is  given  below.  Table  1.3 
summarizes  their  results. 

MATERIAL  INFORMATION  -  The  ceramic  was  a  billet  (100  mm  X  1 00  mm 
X  25  mm)  of  a  high  purity  (99.9%),  sintered  alumina.  The  flexure  specimen  was 
machined  from  this  billet  to  the  following  nominal  dimensions:  3mm  x  4mm  x 
50mm.  The  material  fracture  toughness  is  4  MPaWm^S  as  determined  from 
surface  crack  in  flexure  and  double  torsion  results.  The  average  grain  size 
ranges  from  3-6  pm.  The  room  temperature  four-point  flexure  strength  of  this 
particular  specimen,  in  air,  was  228  MPa. 
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Figure  1 .6.  The  three  pairs  of  photographs  for  Set  #3  (AI2O3-RR8)  which  were  provided  to  the 
participants.  T"  denotes  the  tensile  surface  and  "Ch"  the  chamfer. 
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SIZES  ARE  DETERMINED  FROM  EQUATION  2a  USING  PUBLISHED  MIRROR  CONSTANTS 

-  ?  NOT  MEASURED;  •  INDICATES  DEPTH  RATHER  THAN  RADIUS 

-  +  INDICATES  r  WAS  MEASURED  AT  SOME  LOCATION  OTHER  THAN  ALONG  THE  TENSILE/FRACTURE  SURFACE  INTERFACE 

-  ALL  DIMENSIONS  ARE  GIVEN  IN  MICROMETERS  UNLESS  STATED  OTHERWISE 


ORGANIZERS'  CHARACTERIZATION  -  A  machining  chip  on  the  chamfer 
was  identified  by  the  organizers  as  the  fracture  origin  in  this  specimen.  The 
open  appearance  of  the  "chip"  may  indicate  that  this  was  an  area  that  was 
poorly  sintered  and  thus  sensitive  to  chip  formation.  The  resultant  crack  is  part 
of  a  semicircle  having  a  radius  of  160  pm.  The  full  characterization  of  this  origin 
is; 


Machining  Damage  (MD^),  Edge,  radius  of  approximately  160  pm. 

The  fracture  mirror  was  estimated  fractographically  to  be  in  excess  of  1  mm  in 
diameter  because  this  was  a  low  strength,  low-energy  fracture. 

PARTICIPANTS'  RESULTS  -  IDENTITY  IN  ALUMINA  -  There  were  four 
participants  who  felt  the  fracture  origin  was  not  necessarily  machining  damage. 
Participant  3  believed  it  was  a  porous  region  and  participants  5,  9  &  17  felt  it 
was  a  combined  origin  of  a  porous  region  plus  machining  damage. 

PARTICIPANTS' .RESULTS  -  LOCATION  IN  ALUMINA  -  The  general 
consensus  was  that  the  origin  was  located  at  the  edge  of  the  flexure  specimen. 
Four  participants  felt  it.could  be  surface  or  edge  located  while  one  thought  it  was 
near  the  edge. 

PARTICIPANTS'  RESULTS  -  FRACTURE  ORIGIN  SIZE  IN  ALUMINA  - 
The  differences  in  reporting  and  measuring  the  origin  size  continued  with  this 
photograph  set.  Nonetheless,  the  overall  numbers  are  fairly  consistent  between 
participants.  Eleven  participants  reported  a  single  value  of  2c,  c  or  depth  with 
the  remainder  providing  a  2-dimensional  value.  Because  the  origin  is  located  at 
or  near  the  edge  some  participants  were  unsure  as  to  how  to  measure  it.  Some 
measurements  were  made  across  the  corner  (chamfer),  or  on  a  radius  running 
perpendicular  from  point  A,  see  Figure  1.7B,  into  the  bulk,  still  others  made  their 
measurements  from  point  A  along  the  tensile/fracture  surface  interface.  One 
participant  felt  that  special  instructions  should  be  provided  to  measure  the  origin 
size  in  such  cases. 

Equation  1  b  estimates  a  fracture  origin  having  a  size  of  c  =  1 82  pm  (Y  = 
1.3  assuming  a  semicircular  origin  at  the  surface).  Two  of  the  four  participants 
(9  &  1 1 )  who  used  fracture  mechanics  in  the  previous  two  sets  did  so  again. 
Participant  9  used  Equation  la  and  estimated  the  toughness  to  be  2.7  MPaWm 
for  c  =  80  pm  (Y  =  1.3  from  Reference  12).  Participant  1 1  used  Equation  1b  and 
was  in  agreement  with  the  estimated  size  of  the  origin.  Participant  5  did  not 
indicate  the  use  of  fracture  mechanics  but  the  radius  reported  (c  =  120  pm)  is 
close  to  the  estimated  value.  Three  participants  (4,  5  &  1 1)  indicated  that  these 
photographs  may  also  show  evidence  of  subcritical  crack  growth  (SCCG). 
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Figure  1.7.  High  magnification  photographs  of  one  half  of  the  fracture  surface  from  Set  #3 
(AI2O3-RR8).  A)  Unmarked.  B)  Three  stages  of  fracture  are  outlined  by  the  organizers.  Stage 
1  IS  traiisgranular  fracture,  Stage  2  is  subcritical  crack  growth  and  Stage  3  is  fast  fracture.  Open 
arrows  indicate  the  irregular  section  of  the  chamfer.  T*  denotes  the  tensile  surface  and  "Ch"  the 
chamfer. 
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PARTICIPANTS'  RESULTS  -  MIRROR  SIZE  IN  ALUMINA  -  As  with  the 
previous  photograph  sets  different  measurements  of  the  mirror  were  reported. 
Unlike  the  previous  two  photograph  sets  many  participants  felt  the  mirror  was 
clearly  visible  and  easily  defined,  as  evident  by  the  relative  consistency  of  the 
numbers  between  participants.  As  discussed  below  many  were  mislead, 
however.  Four  participants  did  not  provide  a  value  for  the  mirror  size. 

The  estimated  mirror  diameter  from  Equation  2a  was  between  2650  and 
5540  pm  based  on  the  lowest  (8.3  MPaWm)'^^  and  highest  (12  MPaWm)”*® 
mirror  constants  found  in  the  literature  for  alumina.  This  range  is  as  large  or 
larger  than  the  area  of  the  specimen  shown  in  the  photograph  set  or  the 
specimen  cross  section.  In  cases  where  the  mirror  is  so  large,  in  relation  to  the 
specimen  size,  it  may  not  leave  markings  on  the  fracture  surface.  This  is 
especially  true  in  flexure  testing  where  the  stress  state  is  not  uniform.  Only 
participant  18  who  stated  "Mirror  extends  over  the  whole  picture  because  of  the 
small  fracture  stress."  reported  a  mirror  size  that  was  anywhere  near  the 
estimated  range.  Participant  6  did  not  report  a  value  but  stated  that  the  mirror 
was  not  evident  because  this  was  a  low  energy  fracture.  Additionally  participant 
1 1  did  not  report  a  value  but  noted  that  the  "smooth  region  is  too  small  to  be  the 
mirror".  None  of  the  participants  used  either  Equation  2a  or  2b  to  assist  them  in 
determining  the  mirror  size. 


Topic  #1:  Discussion 

IDENTITY  -  The  organizers  identified  the  fracture  origins  in  the  three 
specimens  used  in  this  topic  as  machining  damage.  The  subsurface  cracks 
present  in  sets  #1  (Zirconia/Alumina)  and  #2  (Silicon  Nitride)  are  outlined  in 
Figures  1 .3  and  1 .5.  The  identity  of  the  origin  in  set  #3  (Alumina)  is  different. 

The  open  appearance  of  the  "chip"  in  Figure  1 .76  can  lead  one  to  conclude  that 
this  origin  is  porosity  related.  The  organizers  felt  that  it  was  a  "machining  chip" 
but  it  is  conceivable  that  it  was  an  area  of  poorly  bonded  material  which  was 
sensitive  to  chip  formation.  Further  examination  of  the  specimen  by  the 
organizers  did  not  reveal  any  additional  chips  along  the  chamfers. 

The  consensus  of  the  participants  was  that  machining  damage  was  the 
fracture  origin  in  all  three  sets.  There  were  however,  some  who  believed  it  was 
a  different  form  of  machining  damage  or  that  these  origins  were  something  else. 
These  differences  may  stem  from:  a  lack  of  familiarity  with  how  machining 
damage  can  appear  in  ceramics;  a  lack  of  experience  observing  this  type  of 
origin;  or  an  error  on  the  part  of  the  organizers. 

Machining  damage  can  manifest  itself  in  different  ways  in  ceramics.  Gross 
machining  damage  (e.g.  chips,  deep  striations)  can  easily  be  seen,  sometimes  at 
very  low  magnifications,  on  the  machined  surface(s)  of  a  specimen,  but  these 
features  are  often  too  small  (from  a  fracture  mechanics  perspective)  to  be  the 
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actual  fracture  origin.  On  the  other  hand,  subsurface  cracking  can  be  much 
deeper,  but  it  is  extremely  difficult  to  detect,  even  for  fractographers  with  much 
fractographic  experience,  because  the  subsurface  microcracking  can  blend  into 
the  microstructure.  This  latter  type  of  damage  can  occur  during  the  typical  step¬ 
wise  machining  process.  Initial  grinding  is  commonly  done  with  a  coarse-grit 
wheel  (coarse  in  regards  to  the  grit  used  in  subsequent  steps).  During  these 
initial  steps,  chips  and  deep  striations  can  cause  subsurface  microcracking  (10  - 
50  pm)  which  is  not  necessarily  removed  during  the  subsequently  finer  grinding 
steps  of  the  process  if  insufficient  material  is  removed.  The  fine  grinding  may 
remove  deep  surface  striations,  but  may  not  remove  enough  material  to 
eliminate  the  subsurface  machining  damage.  Grinding  with  finer  grit  wheels  can 
cause  its  own  machining  damage  but  in  general  it  will  be  smaller  and  less 
severe.  Many  times,  multiple  microcracks  which  can  overlap  and  interact  result 
from  the  diamond  grinding  process. 

In  sets  #1  (Zirconia/Alumina)  and  #2  (Silicon  Nitride)  the  subsurface 
damage  is  difficult  to  discern  since  it  blends  very  well  into  the  normal 
microstructure  of  the  ceramic.  Some  of  the  participants  marked  striations  on  the 
tensile  surface  as  the  fracture  origin  rather  than  the  subsurface  cracks.  Based 
on  fracture  mechanics,  Equation  1b,  these  striations  are  too  small  to  be  the 
fracture  origin.  The  fact  that  the  SEM  photographs  show  some  striations  which 
are  deeper  than  those  around  them  may  have  misled  some  participants  to  think 
that  these  were  the  origin.  If  the  participants  had  had  the  chance  to  analyze  all 
the  machined  surfaces  of  the  specimen  or  a  group  of  identically  machined 
specimens,  as  the  organizers  had,  it  would  become  clear  that  these  few  "deep" 
striations  are  not  unusual. 

None  of  the  participant  noted  the  irregular  edge  along  the  chamfer  in  set 
#3  (Alumina),  open  arrows  in  Figure  1.7B.  The  chamfer  is  irregular  and 
comprised  of  several  segments  at  different  angles.  This  feature  did  not  copy 
well  in  the  photographs  sent  to  the  participants  and  probably  accounts  for  the 
oversight.  This  fracture  origin  may  be  a  case  of  coincidental  origin  types,  a 
porous  region  plus  machining  damage. 

The  identity  of  the  fracture  origin  in  photograph  sets  #1  (Zirconia/Alumina) 
and  #3  (Alumina)  as  machining  damage  was  questioned  by  several  participants. 
Both  of  the  participants  who  disagreed  with  the  identity  of  the  origin  in  set  #1 
(Zirconia/Alumina)  each  had  10  years  of  combined  fractographic  experience. 
Even  though  this  is  a  significant  amount  of  experience,  the  combined  experience 
of  several  individuals  is  quite  different  from  one  individual  with  10  years 
experience.  The  experience  of  the  participants  who  disagreed  with  the  identity 
in  set  #3  (Alumina)  ranged  from  1  year  to  35  years. 

LOCATION  -  Most  participants  reported  the  location  of  the  fracture  origins 
as  "surface"  in  agreement  with  the  organizers  and  the  guidelines  of  MIL  HDBK- 
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790.  Several  reported  that  the  origins  were  "near  the  surface"  however  There 

respondents  may  have  felt  that  the  subsurface  crack  was  better  described  bv 
such  a  characterization,  but  this  may  be  merely  a  diff^enl  of  se^^ 

dSuSd'  S'oriS'™"® ^  ' 

I  ♦  (Zirconia/Alumina)  and  #2  (Silicon  Nitride)  Darticioant  1 9 

intersection  of  the  fracture  and  tensile  surfaces  as  an  "edoe"  thus  tha 

futur?ve;s,ts  Of  MIL 

of  fhz.  ^  majority  of  participants  located  the  origin  in  set  #3  rAlumina^ 

r»» 

equiaxed  origins,  and  the  major  and  minor  axes  for  elongated  orioins  Th» 
organizers  intentionally  did  not  specific  how  the  size  was  to  be  Sed 

strpnnfhTrfn  applicable  to  ceramics  since 

trength  and  toughness  values  are  readily  available  for  these  materials 

Hmnir*^’  observed  in  ceramic  materials  tend  to  have 

S^rhaviJin  a  7®  f asymmetrical),  which  does  not  lend 
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Fortunately,  fracture  origins  created  due  to  machining  damage  tend  to  be 
2-dimensional  and  assume  a  semicircular  or  semielliptical  shape  (this  is 
especially  true  for  subsurface  damage),  and  Equations  1a  and  1b  are  applicable 
when  applied  to  these  cases.  Evans,  et.ai.20  and  Rice21  have  shown  that  for 
ceramics,  machining  damage  is  the  origin  most  amenable  to  fracture  mechanics 
analysis.  Correlations  between  origin  sizes  predicted  by  fracture  mechanics  and 
those  determined  from  fractographic  analysis  are  now  discussed  on  a  set  by  set 
basis. 


The  origins  outlined  for  set  #1  (Zirconia/Alumina),  Figure  1.3,  and  set  #2 
(Silicon  Nitride),  Figure  1.5,  have  essentially  a  semicircular  or  a  semielliptical 
shape.  The  origin  in  set  #3  (Alumina),  Figure  1.7,  is  part  of  a  circle.  In  Figure 
1 .3  (set  #1 )  the  origin  outlined  by  the  organizers  can  be  closely  approximated  by 
a  semicircle  of  radius,  c  «  15  pm.  This  is  approximately  three  times  larger  than 
the  value  predicted  by  fracture  mechanics  (Kj^  =  5,  Y  =  1.4,  and  a  =  1552).  This 
calculation  assumes  the  material  has  a  constant  toughness.  Zirconia-based 
materials  have  been  shown  to  exhibit  pronounced  R-curve  behavior  for  "long- 
cracks"22-24  recent  studies  indicate  that  this  phenomenon  can  be  present 
with  small  cracks,  i.e.,  at  the  scale  of  naturally  occurring  fracture  origins,  over 
relatively  short  crack  extensions25-27  7^,5  "micro"  R-curve  behavior  has 
shown  that  the  fracture  toughness  can  be  as  low  as  1  to  3  MPaWm  for  short 
cracks  in  a  Y-TZP  but  increases  to  over  5  once  the  crack  extends  more  than  10 
pm27.  This  effect  cannot  account  for  the  discrepancy  in  the  present  instance, 
since  lower  toughness  values  will  lead  to  smaller  crack  sizes  at  criticality. 
Different  toughness  testing  techniques  can  also  yield  different  toughness  values 
for  the  same  materia|28. 

Several  other  factors  may  have  affected  the  measurement  of  this  origin: 

1 )  The  specimen  was  heat  treated  prior  to  strength  testing.  This  treatment 
probably  reduced  or  eliminated  any  residual  stresses  created  by  machining 
and/or  it  may  have  changed  the  acuity  of  the  associated  crack.  2)  Crack 
nesting,  as  illustrated  in  Figure  1 .8,  could  also  have  been  a  factor.  It  is  safe  to 
assume  that  the  machining  damage  which  was  strength-limiting  in  this  specimen 
is  not  the  only  machining-induced  crack  in  the  specimen.  There  are  probably 
many  similarly  sized  cracks,  where  by  the  cracks  can  shield  each  other  from 
experiencing  the  full  stress  intensity  that  is  assumed  for  a  single,  stand  alone 
crack.  The  maximum  stress  intensity  diminishes  significantly  as  the  distance 
between  cracks  diminishes29.  Errors  may  also  arise  from  examining  a  tilted 
specimen  which  may  foreshorten  the  depth  measurement,  or  incorrect 
magnifications,  but  these  are  insufficient  to  explain  this  difference.  Appendix  2 
discusses  in  more  detail  the  complications  which  can  be  encountered  when 
comparing  the  calculated  origin  size  to  the  fractographically-measured  origin 
size. 
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SURFACE  CRACK 
IN  A  TENSION  STRESS  FIELD 


Single  Crack 

The  "flow  lines"  of  stress  are  distorted  or  kinked  quite  a  bit, 
causing  a  large  stress  concentration 
or  a  high  stress  intensity,  Y,  at  the  crack  tip. 


Multiple  Nested  Cracks 

The  flow  lines  are  kinked  less. 

The  stress  intensity  on  the  cracks  is  much  less. 


K|,  =  Y  O'  -/a 

I 


Figure  1 .8.  Schematic  example  of  the  effect  of  crack  nesting  on  the  stress  intensity  experienced 
by  a  crack. 
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In  set  #2  (Silicon  Nitride)  the  organizers  feel  the  machining  damage  also 
had  a  semicircular  or  semielliptical  shape.  An  alternate  interpretation  is  that 
several  small  semiellipses  merged  into  one  larger  one  as  illustrated  by  the 
dashed  line  in  Figure  1.5C.  Such  linking  has  been  reported  previously^O. 

Three  subsurface  cracks  can  clearly  be  seen  in  Figure  1.5B.  All  three  are 
approximately  the  same  size  but  the  crack  labeled  B  is  centered  in  the  fracture 
mirror.  Participants  4  and  1 1  stated  that  these  origins  looked  like  "controlled 
surface  flaws". 

The  size  of  semicircle  B  is  in  excellent  agreement  with  the  predicted 
origin  radius  (25  pm  compared  to  23.5  pm).  Some  of  the  participants  who 
reported  large  2c  values  may  have  included  more  than  one  of  these  semicircles 
into  their  measurement.  The  toughness  values  calculated  by  participants  4  and 
9  were  in  excellent  agreement  with  the  value  provided.  Recent  work  by  Salem 
and  Choi^l  has  shown  that  the  silicon  nitride  used  in  this  exercise  (Norton  NCX- 
34)  can  exhibit  R-curve  behavior  yielding  a  toughness  between  5.1  and  6.9 
MPaWm.  Using  this  toughness  range  and  the  strength  (910  MPa),  yields  an 
origin  size  between  15  and  30  pm.  Only  six  participants  reported  a  size  in  this 
range. 


Although  there  were  some  different  interpretations  as  to  the  shape  of  the 
origins  in  sets  #1  (Zirconia/Alumina)  and  #2  (Silicon  Nitride)  (semicircle  or 
semiellipse),  this  is  not  a  critical  issue.  The  stress  intensity  shape  factor  for  the 
semicircle  or  alternative  wide  semiellipse  range  only  from  1.3  to  1.7  and  the 
characteristic  origin  dimension  used,  depth,  is  the  same  for  both  geometries. 

The  shape  of  the  fracture  origin  in  set  #3  (Alumina),  Figure  1.7B  is  clearly 
part  of  a  circle.  Because  the  origin  is  located  at  or  near  the  edge  some 
participants  were  unsure  as  to  how  to  measure  it.  Some  measurements  were 
made  across  the  corner  (chamfer),  or  on  a  radius  running  perpendicular  from 
point  A,  see  Figure  1.7B,  into  the  bulk,  still  others  made  their  measurements 
from  point  A  along  the  tensile/fracture  surface  interface.  One  participant  felt  that 
special  instructions  should  be  provided  to  measure  the  origin  size  in  such  cases. 
The  simplest  way  is  to  extend  the  plane  of  the  tensile  surface  and  extrapolate 
the  arc  of  the  semicircle  from  the  edge  to  this  extension,  completing  the 
semicircle. 

The  edge  crack  in  the  alumina  specimen  (set  #3)  had  a  number  of 
interesting  features.  As  outlined  in  Figure  1.7B  there  appears  to  be  three  stages 
of  crack  growth.  Stage  1  is  transgranular  fracture  which  may  have  occurred  due 
to  machining.  Stage  2  is  more  intergranular  and  may  indicate  subcritical  crack 
growth.  Stage  3  could  be  fast  fracture.  The  time-to-failure  in  the  strength  test 
was  approximately  7  seconds.  (The  specimen  was  tested  in  laboratory  ambient 
conditions  in  which  humidity  may  have  had  an  affect.)  Kirchner,  et.  al.19  have 
seen  similar  types  of  fractures  in  96%  AI2O3  specimens.  Application  of 
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Equation  1  a  using  toughness  values  of  3.4  to  4.0  MPa*Vm  indicate  the 
semicircular  feature  should  have  been  110  -  160  urn  deep  at  criticality.  We  note 
the  extent  of  possible  subcritical  crack  growth  correlates  well  with  the  larger  of 
the  two  estimates.  The  three  regions  led  to  different  interpretations  by  the 
participants  as  to  what  was  the  precrack  in  the  fracture  origin.  As  discussed, 
some  participants  overlooked  the  low  strength  (o  =  228  MPa)  of  the  specimen 
and  defined  the  outer  most  ring  as  the  mirror.  Most  participants  labeled  either 
the  chip  or  the  "smooth"  region  of  transgranular  fracture  as  the  origin.  Many 
labeled  the  latter  as  the  fracture  mirror.  Had  Equation  1b  been  applied  it  would 
have  become  clear  that  the  origin  in  this  specimen  was  quite  large  and  it  may 
have  reduced  the  number  of  misinterpretations.  Even  with  the  misinterpretations 
and  mislabelings,  the  sizes  reported  for  the  various  regions  were  very  consistent 
from  participant-to-participant. 

MIRROR  SIZE  -  In  brittle  fracture  there  is  an  ordered  formation  of  fracture 
markings,  the  mirror,  mist  and  hackle,  which  radiate  from  the  fracture  origin. 
Conceptually,  it  should  be  straight  forward  to  measure  fracture  mirrors  and 
determine  mirror  constants.  Mirrors  are  essentially  semicircular  or  circular,  and 
are  centered  on  all  (or  part  of)  the  fracture  origin  in  uniformly  stressed 
specimens  or  components,  but  in  practice  there  are  a  number  of  complications. 

These  fracture  markings  are  easily  seen  and  measured  in  glasses.  In 
polycrystalline  ceramics  this  is  not  necessarily  so.  If  the  specimen  is  highly- 
stressed,  and  the  material  is  fine-grained  and  dense  then  a  distinct  fracture 
mirror  and  hackle  will  form.  On  the  other  hand,  in  lower-energy  fractures  and 
those  in  coarse-grained  or  porous  ceramics  a  distinct  fracture  mirror  may  not 
form.  In  both  instances  the  mist  region  which  separates  the  mirror  from  the 
hackle  is  almost  impossible  to  detect.  Although  these  features  can  easily  be 
seen  their  sizes  are  difficult  to  determine  because  the  boundaries  are  not 
distinct. 

Geometric  complications  arise  from  non-uniform  stress  states  and  free 
surface  effects.  In  flexure  specimens  and  other  parts  with  stress  gradients,  the 
mirror  shape  can  be  distorted.  For  mirrors  associated  with  origins  in  the  bulk  it 
is  suitable  to  measure  the  mirror  diameter  and  divide  by  two.  The  radius  in 
rectangular  specimens  which  fracture  due  to  surface-located  origins  can  be 
measured  along  the  tensile  surface  from  the  origin  to  the  mirror/mist  boundary. 
Measuring  the  mirror  size  associated  with  surface-located  origins  is  however 
more  complex  than  it  appears. 

An  initial  analysis  by  Johnson  and  Holloway32  predicted  that  crack¬ 
branching  occurs  when  the  product  of  the  local  stresses  at  the  crack  front  and 
the  square  root  of  the  crack  radius  reach  a  critical  value.  Their  analysis  does 
not  take  into  account  free  surface  effects  and  predicts  a  simple  semicircular 
mirror  shape  for  surface  cracks  in  tension  specimens.  The  stress  model  also 
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underestimates  the  elongation  of  the  mirror  towards  the  neutral  axis  in  flexure 
specimens. 

Kirchner  and  Conway,  Jr.33  used  a  stress  intensity  criterion  to  predict  the 
formation  of  crack  branching  features  in  brittle  materials  which  fracture,  in 
tension  or  flexure,  due  to  origins  located  at  the  surface.  Mirrors  will  not  be 
semicircular  about  the  origin  because  free  surface  effects  will  reduce  the  mirror 
radius  near  the  surface.  This  is  the  case  for  rectangular  or  cylindrical 
specimens  tested  in  tension  or  flexure.  For  rectangular  specimens  tested  in 
tension  the  radii  was  about  27%  shorter  at  the  surface  than  that  measured 
perpendicular  to  the  surface.  As  a  consequence,  there  is  a  dilemma  as  to  what 
is  the  best  method  to  measure  the  mirror  size,  especially  in  flexurally  loaded 
specimens.  One  way  to  avoid  this  effect  for  tension  specimens  is  to  measure 
the  mirror  along  a  perpendicular  line  from  the  origin  into  the  fracture  surface. 
There  is  an  additional  complication  in  flexure  specimens  since  mirrors  tend  to  be 
elongated  towards  the  neutral  axis  due  to  the  stress  gradient  in  the  specimen 
thickness  (unless  the  mirror  is  very  small). 

Mecholsky  et.  al.^S  established  a  relationship  between  the  mirror  size 
and  the  fracture  origin  size.  They  found  that  for  single  crystals,  polycrystalline 
ceramics,  and  glasses  the  outer  mirror  (mist/hackle)  to  origin  size  ratio  is 
generally  13:1  while  the  inner  mirror  (mirror/mist)  to  origin  size  ratio  is  about  6:1 
for  the  former  two  cases  and  about  10:1  for  glasses.  These  relationships  are 
valuable  aids  in  the  fractographic  interpretation  of  either  mirror  or  origin  sizes. 

All  of  these  variations  in  the  interpretation  of  the  formation  of  a  mirror, 
different  modes  of  viewing,  different  procedures  to  estimate  size,  have  led  to 
large  differences  in  the  reported  values  for  mirror  constants.  A  compilation  of 
the  mirror  constants  (Aq)  found  in  the  literature  is  presented  in  Table  1 .4  for 
ceramics  similar  to  the  three  used  in  this  exercise. 

Two  mirror  size  ranges  were  estimated  for  each  specimen  in  the  present 
round  robin  exercise.  The  first  range  was  determined  using  the  lowest  and 
highest  values  of  Aq  found  in  the  literature  (Table  1 .4)  and  the  strength  of  each 
specimen.  The  second  range  was  obtained  from  the  ratio  method,  using  the 
origin  size  estimated  from  fracture  mechanics  and  the  6:1  ratio  for  the  inner 
mirror  (mirror/mist).  These  ranges  are  listed  in  Table  1.5. 

The  values  in  Table  1.1  reported  by  the  participants  for  set  #1 
(Zirconia/Alumina)  are  in  very  good  agreement  with  the  ranges  from  both 
methods.  Only  two  participants  were  outside  either  range.  One  was  slightly 
higher  while  the  other  was  significantly  above  either  range.  In  set  #2  (Silicon 
Nitride)  five  participants'  mirror  sizes  (Table  1.2)  were  outside  the  Aq  estimated 
range,  four  were  slightly  below  the  range  while  the  fifth  was  significantly  higher, 
the  rest  fell  within  the  ranges.  Six  participants  values  were  outside  the  range 
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Table  1.4 

MIRROR  CONSTANTS  FOR  THE  THREE  CERAMICS  IN  TOPIC  #1 


MATERIAL 

(T  TECHNIQUE 

A„  rWIPaWm;  REFERENCE 

Zirconia 

Zircar 

Flexure 

15.2 

15 

Zyttrite 

Flexure 

7.4 

15 

Silicon  Nitride 

NC-132 

Flexure 

9.2 

34 

NC-132 

Flexure  (Rods) 

8.9 

17 

M 

Delayed  Fracture 

9.2 

17 

HS-130 

Flexure 

18.1 

15 

HS-130 

Flexure  (Rods) 

9.1 

17 

Si3N4 

Flexure 

12 

15 

Reaction  Bonded 

Flexure  (Rods) 

4.2 

17 

HP-Si3N4 

Flexure  (Rods) 

14.3 

35 

Alunnina 

HP  -  AI2O3  (99+  pure) 

Flexure 

10.3 

34 

HP  -  AI2O3  (99+  pure) 

Flexure 

Aj  =  5.2 

15 

HP  -  AI2O3 

Flexure  (Rods) 

10.4 

36 

HP  -  AI2O3 

Flexure 

9.8 

37 

HP  -  AI2O3 

Flexure  (Rods) 

10.3 

17 

M  H 

Delayed  Fracture 

9.9 

17 

Sintered  AI2O3  (96%) 

Flexure 

.  8.5 

34 

AI2O3  (96%) 

Flexure  (Rods) 

8.3 

17 

Delayed  Fracture 

8.9 

17 

Sintered  AI2O3 

Flexure 

9.0 

37.  38 

AI2O3  (96%)  • 

Flexure  (Rods) 

9.1 

35 

Ag  Is  the  outer  mirror  constant  unless  otherwise  noted. 

Table  1.5 

MIRROR  SIZE  RANGES  FOR  THE  THREE  SPECIMENS  IN  TOPIC  #1 

Set# 

Aq  Values 

Ratio  Method 

1:  Zirconia/Alumina 

45-192 

64-139 

2:  Silicon  Nitride 

192-792 

282  -  61 1 

3:  Alumina 

2650  -  5540 

1884-4082 

All  values  are  in  micrometers 


estimated  by  the  ratio  method.  Five  were  below  the  range  and  one  was  higher. 
For  set  #3  (Alumina)  none  of  the  participants  reported  (Table  1 .3)  a  value  in 
either  of  these  ranges.  The  mirror  is  actually  larger  than  the  area  shown  in  the 
photographs.  In  fact  the  upper  end  of  these  ranges  are  larger  than  the  width  or 
height  of  the  specimen!  One  participant  did  indicate  that  the  mirror  was  in 
excess  of  1  mm.  As  stated  previously  many  participants  were  fooled  by  the 
appearance  of  the  fracture  origin  in  set  #3  (Alumina)  and  labeled  the  "smooth" 
region  of  transgranular  fracture  (stage  1  in  Figure  1 .78)  as  the  mirror. 
Additionally,  in  each  set,  but  especially  in  set  #3,  some  of  the  participants 
reported  a  mirror  size  that  was  only  slightly  larger  than  the  size  of  the  fracture 
origin  they  reported.  This  is  impossible. 
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The  constants  used  for  sets  #1  and  #2  may  not  be  appropriate  for  these 
materials.  The  ceramic  in  set  #1  is  a  zirconia/alumina  composite.  The  available 
mirror  constants  are  for  zirconia  only  and  these  constants  were  determined  for 
materials  made  in  the  1970's  before  the  high  strength  zirconias  of  today  were 
available.  These  mirror  constants  are  most  likely  for  a  refractory-grade  partially- 
stabilized  zirconia.  Even  so  they  appear  to  fit  the  data  reported  by  the 
participants.  In  set  #2  the  silicon  nitride  contains  yttria  and  an  elongated 
microstructure  that  can  be  the  source  of  R-curve  behavioral  while  the  mirror 
constants  in  the  literature  are  for  a  magnesia-doped  silicon  nitride  which  has 
negligible  R-curve  behavior.  The  constants  used  for  alumina  (set  #3)  would 
appear  to  be  suitable  since  the  values  reported  in  the  literature  do  not  vary  much 
with  purity  level  or  processing  technique  and  are  very  nearly  the  same  for  a 
variety  of  investigations. 

Using  the  mirror-to-origin  size  ratio  method  relies  on  accurate 
measurement  of  the  origin  size  which  is  difficult  in  its  own  right.  As  stated 
previously  the  true  size  of  the  origin  may  not  be  shown  on  the  fracture  surface. 
Additionally  if  the  origin  has  a  complex  geometry  it  .may  be  difficult  to  determine 
which  dimension  should  be  used  to  estimate  the  mirror  size. 

Topic  #1:  Conclusions 

The  results  Topic  #1  have  revealed  several  very  important  aspects  of 
fractography  of  machining  damage  in  advanced  ceramics. 

1 )  Even  though  there  was  a  general  agreement  on  this  origin  type 
(machining  damage)  a  better  understanding  of  what  machining  damage  is 
(surface  vs  subsurface  damage)  is  needed.  A  fractographer  must  understand 
not  only  the  different  manifestations  of  machining  damage  but  how  these  may 
vary  in  advanced  ceramics.  Proper  characterization  probably  requires  the 
examination  of  many  specimens. 

2)  There  does  not  appear  to  be  any  correlation  between  the  overall 
experience  of  the  fractographer  and  the  ability  to  observe  and  characterize 
subsurface  machining  damage  in  these  three  ceramics.  Specific  experience  in 
characterizing  machining  damage  is  essential. 

3)  The  definition  of  surface  and  edge  as  a  location  for  fracture  origins 
must  be  clarified. 

4)  The  variety  of  dimensions  reported  for  the  origin  size  indicates  that 
some  form  of  a  consistent  measurement  scheme  is  needed. 

5)  Fracture  mechanics  can  estimate  the  size  of  the  fracture  origin  and 
thus  is  a  useful  tool  that  should  be  used  routinely  to  aid  fractographic 
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interpretation  of  machining  damage.  However,  complications  arise  from  residual 
stresses,  crack  blunting,  errors  in  toughness  values,  uncertainties  of  the  shape 
factor  (Y),  crack  nesting,  R-curve  behavior,  and  environmentally-assisted  stable 
(slow)  crack  growth. 

6)  Machining  damage  often  can  have  multiple  interpretations,  especially 
if  several  cracks  are  present  which  can  link  up,  or  if  the  crack  extends  stably 
prior  to  fracture. 

7)  In  the  instances  where  multiple  semielliptical  or  semicircular 
microcracks  were  present  at  a  fracture  origin,  it  was  difficult  to  arbitrarily  pick 
one  as  the  definitive  origin.  The  depth  of  the  machining  damage  is  the  key 
parameter  to  measure  in  such  cases,  and  will  be  approximately  the  same  for 
each  mircocrack  irrespective  of  the  exact  origin  boundary  chosen. 

8)  The  interpretation  of  fracture  origins  from  photographs  only  is  not  the 
ideal  manner  in  which  to  characterize  machining  damage  (or  any  fracture  origin) 
and  its  associated  fracture  mirror.  Actually  viewing  the  specimen  is  more 
constructive  and  insightful  and  will  greatly  reduce  misinterpretations. 

9)  Fracture  mirrors  are  easier  to  see  at  lower  magnifications  in 
•polycrystalline  ceramics  but  they  are  somewhat  difficult  to  delineate  and  even 
more  difficult  to  measure  with  confidence. 

10)  There  is  a  lack  of  appropriate  mirror  constants  for  many  of  today's 
advanced  ceramic  materials. 
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Topic  #2  -  Characterization  Of  Fracture  Origins  in  Specimens 

Topic  #2:  Objective 

To  locate  and  characterize  fracture  origins  in  six  (6)  specimens  and 
determine  the  effectiveness  of  the  characterization  scheme  in  MIL  HDBK-790. 

Topic  #2:  Background 

An  important  feature  of  MIL  HDBK-790  was  the  adoption  of  a  consistent 
and  comprehensive  manner  of  fracture  origin  characterization  including 
nomenclature.  Fracture  origins  will  be  characterized  by  three  attributes: 
IDENTITY,  LOCATION,  and  SIZE. 

Topic  #2:  Approach 

Each  participant  received  both  mating  halves  of  the  primary  fracture 
surface  of  six  (6)  fractured  ceramic  specimens.  Individual  laboratories  received 
different  sets  of  six  specimens,  but  all  the  specimens  were  from  identical  batches 
and  believed  to  have  the  same  origin  type.  Together  the  participating  agencies 
evaluated  a  total  of  102  fracture  origins.  The  six  ceramics  used  in  this  topic 
were: 


1 )  Alumina  w/SiC  whiskers 

2)  Alumina 

3)  Zirconia 

4)  Silicon  Carbide 

5)  Silicon  Nitride 

6)  Titanium  Diboride 

These  ceramics  were  chosen  based  on  their  conduciveness  to 
fractographic  analysis.  All  specimens,  with  the  exception  of  the  silicon  nitride 
(specimen  5),  were  machined  from  large  billets  of  material.  The  silicon  nitride 
was  machined  from  as-fired  bars.  All  of  the  specimens  were  fractographically 
characterized  by  the  U.S.  Army  Research  Laboratory  -  Materials  Directorate 
prior  to  inclusion  in  the  round  robin.  The  characterization  was  done  in  an 
uncoated  state  using  an  SEM.  Due  to  charging  problems  the  silicon  nitride 
specimen  was  sputter  coated  with  «  100  A  of  Au  prior  to  characterization.  This 
coating  was  not  removed  from  the  specimen  by  the  organizers  after  their  initial 
characterization.  Although  an  optical  analysis  can  provide  information  that  can 
not  be  obtained  during  SEM  analysis  the  organizers  believe  that  characterization 
of  these  origins  requires  the  use  of  an  SEM. 
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Topic  #2:  Instructions 

The  participants  were  told  to  treat  the  specimens  as  if  they  had  fractured 
them  and  to  characterize  the  fracture  origin  as  outlined  in  Military  Handbook 
790.  They  were  asked  to  record  the  information  and  answer  all  the  questions  on 
an  enclosed  data  sheet.  A  complete  package  of  instructions  is  given  in 
Appendix  1 . 

Topic  #2:  Results  And  Discussion 

The  six  specimens  will  be  dealt  with  separately.  Each  section  will  contain 
the  material  information  that  was  provided  to  the  participants,  the  organizers' 
characterization,  a  summary  of  the  participants'  results,  a  discussion  of  these 
results,  and  a  summary  of  the  findings.  In  each  table  instances  were  the 
participants'  characterization  essentially  concurred  with  the  organizers' 
characterization  are  marked  with  a  check  ("J).  Participant  14  failed  to  report. 

Specimen  1:  Large  Qrains  In  Alumina  w/Sic  Whiskers 

MATERIAL  INFORMATION:  The  specimens  were  a  ceramic  composite 
comprised  of  silicon  carbide  (SiC)‘whiskers  in  an  alumina  (AI2O3)  matrix.  It  was 
produced  by  hot-pressing  a-Al203  with  29  v/o  SiC  whiskers.  Fracture 
toughness  was  determined  by  double  torsion  tests  to  be  «  7.3  MPaWm'IS.  The 
room  temperature  four-point  flexure  strength  of  these  eighteen  specimens,  in  air, 
was  between  429  and  573  MPa. 

ORGANIZERS'  CHARACTERIZATION:  The  dominant  fracture  origin  in  this 
ceramic  was  identified  as  clusters  of  large  alumina  grains  (LG'')  which  are 
volume  distributed39.  Eighteen  (18)  specimen  from  this  material  were  prepared 
for  this  round  robin.  Each  had  a  different  strength  and  different  origin  location 
and  size,  but  the  origin  type  was  identical.  The  specific  location  of  each  varied: 
some  were  in  the  volume,  others  were  at  the  surface,  near  the  surface  or  at  an 
edge.  The  characterization  should  be  Large  Grain  (LG'')  which  are  volume 
distributed.  The  size  of  these  origins  was  best  represented  by  either  a  single 
dimension  (radius  of  a  circle)  or  a  2-dimensional  value  (minor  axis  x  major  axis 
of  an  ellipse).  Origins  which  were  represented  by  a  circle  had  a  radius  that 
ranged  from  15-35  pm.  The  elliptical  origins  had  a  minor  axis  between  10  and 
50  pm  and  a  major  axis  between  30  and  200  pm.  An  example  of  large  grains  in 
this  ceramic  is  given  in  Figure  2.1.1. 

PARTICIPANTS'  RESULTS:  The  participants  results  are  summarized  in  Table 
2.1.  Only  five  (8,  9,  10,  13,  and  16)  of  the  17  participants  felt  that  the  origin  was 
a  large  grain(s).  Participants  1  and  3  believed  that  large  grains  were  part  of  a 
combined  origin.  A  variety  of  other  identities  were  also  given.  All  but  six  of  the 
participants  agreed  with  the  organizers'  characterization  of  the  location  of  the 
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Figure  2.1.1.  Example  of  Large  Grains  in  Specimen  1:  Alumina/SiC  (whiskers).  Mating  halves 
of  the  primary  fracture  surface  are  shown.  “T'  denotes  the  tensile  surface. 
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fracture  origin  while  seven  agreed  with  the  organizers'  size  of  the  origin. 
Participant  13  was  the  only  one  in  complete  agreement  (Identity,  Location  and 
Size)  with  the  organizers,  but  three  others  (8,  9,  and  16)  agreed  with  all  but  the 
size  attribute.  The  size  values  reported  were  drastically  different,  as  were  the 
methods  of  reporting  the  size. 


Table  2.1 

PARTICIPANTS’  RESULTS  FOR  SPECIMEN  1: 
LARGE  GRAINS  IN  ALUMINA  w/SiC  WHISKERS 


No. 

Identitv* 

Location** 

Size  fumi*** 

Comments 

1 

PR  w/  LG 

NS 

80  a/ 

45  pm  below  tensile  surface;  dark  spot-optically 

2 

1 

V/NS  V 

60  a/ 

40  pm  below  tensile  surface;  No  EDS 

3 

LG/P  V 

NS 

40  a/ 

5  pm  below  tensile  surface 

4 

MO 

s  V 

3+ 

Photos  show  LG;  No  EDS 

5 

? 

s  V 

?a/ 

6 

? 

sV 

30  X  70  a/ 

Dark  spot-optically;  Si  WDX  map  no  SiC  in  origin 

7 

PS 

V  V 

190x130 

Photos  show  LG;  size  of  LG  agrees  with  estimate 

8 

LG  V 

vV 

30.  20 

90  pm  below  tensile  surface;  EDS  shows  Al 

g. 

LG  V 

NE  V 

C  a  150 

K,^  estimate  agrees  (Y=1.13) 

10‘ 

lgV 

NS 

«50 

20  pm  below  tensile  surface;  Si  EDS  map  no  Si 

11 

1 

S  V 

300 

"Black  area";  No  EDS;  Size  estimated  to  be  144  pm 

12 

PR/A 

NS 

15x30 

Looked  at  different  area 

13 

lgV 

NS  V 

23  -  75  a/ 

EDS  shows  Al 

15 

MD 

eV 

Depth  =  100 

Looked  at  1/2  of  surface;  Saw  LG-probably  not  origin 

16 

LG  V 

NEa/ 

40  a/ 

75  pm  below  tensile  surface 

17 

PR 

ev 

No  value 

Reported  a  mirror  size  instead  of  origin  size 

18 

2P 

NS 

Depth  =  58 

"Very  large  region  w/o  Si  whiskers" 

V agreement  with  the  organizers' characterization.  ?  Not  determined.  *  PR  -  Porous  Region;  LG -Large 
Grain;  MD  -  Machining  Damage;  PS  -  Porous  Seam;  I  -  Inclusion;  A  -  Agglomerate;  2P  -  Second  Phase 
Inhomogeneity.  **  NS  -Near  Surface;  V  -  Voiume;  S  -  Surface;  E  -  Edge;  NE  -  Near  Edge.  ***  Singie 
values  indicate  origin  diameter  (2c)  unless  noted.  2-dimensional  values  are  minor  axis  x  major  axis  uniess 
noted. 

DISCUSSION  -  Identity  -  The  main  reason  many  participants  had  trouble 
identifying  this  origin  as  large  grain(s)  was  they  examined  only  one  specimen. 
Had  they  had  the  opportunity  to  examine  the  entire  group  of  specimens,  as  the 
organizers  had,  it  probably  would  have  become  apparent  that  large  grains  were 
the  dominant  fracture  origin  in  this  ceramic.  Although  this  is  believed  to  be  the 
main  source  of  the  participant's  trouble,  there  are  other  possibilities. 

One  is  the  failure  to  use  EDS  to  analyze  the  chemical  composition  of  the 
origin.  Participants  2  and  1 1  labeled  the  origin  as  an  inclusion  (|V).  Neither 
participant  used  EDS.  In  both  cases  the  organizers'  and  participants' 
photographs  of  the  origin  are  identical.  Figure  2.1.2  shows  the  participants'  and 
the  organizers'  photographs  of  the  origin  in  participant  2's  specimen.  EDS  of 
these  origins  by  the  organizers  revealed  a  high  Al  content  with  no  Si.  This 
indicates  that  the  origin  may  be  large  alumina  grains.  Another  reason  for  the 
inclusion  label  could  be  the  appearance  of  the  large  AI2O3  grains  when  viewed 
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Figure  2.1.2.  Photographs  of  large  grain  fracture  origin  in  specimen  1  from  participant  2 
specimen  set.  A)  Participants'  photograph.  B)  Organizers’  photograph.  T"  denotes  the  tensile 
surface  in  B). 
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in  an  optical  microscope.  Three  participants  (1,  6,  and  11)  commented  that  the 
origin  appeared  as  a  "dark  spot"  or  "black  area"  when  viewed  optically,  see 
Figure  2.1.3,  but  this  may  merely  be  an  optical  effect. 

Three  of  the  four  participants  who  used  EDS  properly  identified  the  origin 
but  participant  18  felt  the  origin  was  a  "microstructural  irregularity"  because  EDS 
showed  a  "very  large  region  without  SiC  whiskers".  The  origin  was  identified  as 
a  second  phase  inhomogeneity  (2PV)  instead  of  large  grains.  Participant  10 
labeled  the  origin  properly  but  in  the  attached  comments  said  "the  crack  initiated 
at  SiC  large  grains"  even  though  an  X-ray  map  of  Si  showed  the  origin  region  to 
be  devoid  of  Si.  Participant  6  could  not  identify  the  origin  even  though  an  Si 
WDX  map  revealed  that  there  were  no  SiC  whiskers  in  the  origin.  Both  of  these 
participant  did  not  have  a  lot  of  experience  with  alumina  or  whisker  reinforced 
ceramics,  (see  Table  Q.2).  They  only  examined  one  of  the  mating  halves  of  the 
primary  fracture  surface,  and  as  fate  would  have  it,  it  was  the  surface  on  which 
the  origin  was  not  as  obvious. 

Three  other  participants  (4,  7  and  15)  indicated  they  saw  large  grains  or 
their  photographs  showed  the  presence  of  large  grains,  but  they  did  not  feel  that 
these  were  the  origins.  Participant  4  identified  the  origin  as  machining  damage 
(MDS)  but  their  photographs  clearly  show  large  grains.  Figure  2.1.4A  and  B. 

The  origin  was  labeled  as  machining  damage  because  there  is  a  discontinuity  in 
the  tensile  surface  (Figure  2.1 .4D).  Participant  15  also  characterized  the  origin 
as  machining  damage.  In  this  instance  the  participant  only  examined  one  of  the 
mating  halves  of  the  primary  fracture  surface.  The  presence  of  large  grains  was 
noted  but  the  half  that  was  examined  had  a  chip  missing  at  the  chamfer.  Had 
the  mating  half  of  the  fracture  surface  been  looked  at  it  would  have  been  clear 
that  the  origin  was  a  cluster  of  large  grains  located  at  the  chamfer  and  the  chip 
was  an  artifact  of  the  testing  or  subsequent  handling.  Finally  the  photographs 
from  participant  7  show  a  cluster  of  large  grains  and  the  participant  states  that 
the  size  of  this  cluster  agrees  with  a  size  estimate  but  the  origin  was  interpreted 
as  a  porous  seam  (PS''). 

The  photographs  from  participant  17  matched  those  of  the  organizers  but 
the  participant  chose  porosity  as  the  dominant  origin.  The  large  grains  were 
more  obvious  on  the  mating  half  of  the  primary  fracture  surface  that  was  not 
examined.  Participant  5  could  not  characterize  the  origin  due  to  limited  SEM 
time  while  the  inexperience  of  participant  12  led  them  to  examine  the  incorrect 
area  on  the  fracture  surface. 

It  is  common  for  porosity  to  be  associated  with  large  grains  creating  an 
origin  with  mixed  attributes.  For  both  participant  1  and  3  there  is  some  porosity 
in  and  around  the  cluster  of  large  grains  and  thus  the  multiple  label  they 
provided  for  this  origin  identity  is  acceptable. 
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Figure  2.1.3.  Optical  photograph  of  alumina  grains  as  the  fracture  origin  in  specimen  *1 .  Origin 
appears  as  a  dark  spot  when  viewed  optically.  (Arrow  added  by  the  organizers.) 
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Figure  2.1.4.  Photographs  of  large  grain  origin  in  specimen  1  from  participant  4.  A)  and  B)  are 
the  participants'  photographs.  Large  grains  can  be  seen  in  B).  C)  Organizers'  photograph.  "T" 
denotes  the  tensile  surface.  D)  Participants'  photograph  of  the  possible  machining  damage. 
(Arrows  in  B  and  D  were  added  by  the  organizers.  Handwritten  notes  on  A),  B)  and  D)  are  the 
participants.) 
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Location  -  Ten  participants  agreed  with  the  organizers'  location  of  the  fracture 
origin  in  their  respective  specimens.  Two  others  (9  and  16)  reported  a  near 
edge  (NE)  location  which  was  a  plausible  characterization.  The  origin  in  both  of 
these  cases  was  located  near  the  edge.  However,  it  is  recommended  that  the 
location  of  a  subsurface  origin  be  made  in  relation  to  its  distance  from  the  tensile 
surface  rather  than  the  edge.  A  comment  indicating  its  relation  to  the  edge  can 
be  noted. 

There  are  several  reasons  for  the  differences  with  the  remaining 
participants.  Participant  1  characterized  the  location  of  the  origin  based  on  the 
porosity  rather  than  the  large  grains.  Participant  12  boked  at  the  wrong  area  of 
the  fracture  surface  while  participant  18  just  located  the  origin  incorrectly,  Figure 
2.1.5.  In  the  case  of  participants  3  and  10  there  were  several  clusters  of  large 
grains  in  the  central  portion  of  the  mirror.  Figure  2.1.6,  making  it  difficult  to 
determine  which  cluster  was  the  primary  origin  hence  their  characterization  of 
the  location  is  different  from  that  of  the  organizers. 

Size  -  The  origin  sizes  varied  between  participants  because  each  was  looking  at 
a  different  specimen,  but  the  variety  of  ways  of  reporting  size  was  reminiscent  of 
the  variations  in  Topic  #1 .  The  radius  (c)  of  the  origins  in  these  alumina/silicon 
carbide  specimens  should  be  between  83  pm  (a  =  573  MPa)  and  148  pm  (o  = 
429  MPa).  (This  range  was  calculated  from  Eqn.  1b,  assuming  a  semicircular 
surface  crack  in  a  uniform  tensile  stress  field  (Y  =  1.4),  with  constant  toughness.) 
It  can  be  seen  from  Table  2.1  that  only  participants  1,  7,  9  and  15  reported 
values  that  were  within  or  near  this  range.  The  value  reported  by  participant  4 
(2c  =  3+  pm)  is  too  small  from  a  fracture  mechanics  perspective. 

Similar  to  the  findings  of  Topic  #1  of  this  exercise,  the  determination  of 
the  size  of  fracture  origins  is  difficult  due  to  the  complex  geometries  of  the 
origins.  This  is  further  complicated  if  the  origin  is  located  near  the  surface.  Did 
the  ligament  of  material  between  the  surface  and  origin  break  prior  to 
catastrophic  fracture?  If  so,  should  the  size  of  the  origin  include  this  ligament? 
Additionally,  these  specimens  were  tested  in  flexure  there  is  a  stress  gradient 
through  the  specimen  cross  section  and  thus  the  stress  at  the  origin  may  be  less 
than  the  calculated  value. 

SUMMARY:  In  general,  there  was  good  agreement  between  the  organizers  and 
the  participants  of  the  origin  location  in  these  specimens.  The  main  problems 
were  with  the  origin  identity  and  size  characterization.  There  was  no  correlation 
between  one's  overall  fractographic  experience  or  their  experience  with  whisker 
reinforced  alumina  and  the  characterization  of  this  origin  identity.  Chemical 
analysis  of  the  origin  was  not  done  or  the  results  were  misinterpreted.  Many 
participants  were  mislead  because  they  examined  only  one  of  the  mating  halves 
of  the  primary  fracture  surface.  Measuring  the  size  was  complicated  by  the 
complex  geometries  that  were  encountered  and  the  lack  of  a  distinct  boundary 
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Figure  2.1.5.  Two  of  participant  18's  photographs  of  the  origin  in  specimen  1.  The  origin  is  clearly 
located  at  the  surface. 
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Figure  2.1.6.  Organizers'  SEM  photograph  showing  several  clusters  of  large  alumina  grains  in 
specimen  1.  T"  denotes  the  tensile  surface. 
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between  the  origin  and  the  bulk.  Fracture  mechanics  may  have  been  helpful  in 
determining  the  size  of  these  origins. 

Specimen  2:  Handling  Damage  In  Alumina 

MATERIAL  INFORMATION:  These  specimens  were  a  high  purity  (99.9%), 
sintered  alumina  (AI2O3)  with  a  fracture  toughness  of  «  4  MPaWm”!  8.  The 
room  temperature  four-point  flexure  strength  of  these  eighteen  specimens,  in  air, 
was  between  173  and  466  MPa. 

ORGANIZERS!  CHARACTERIZATION:  The  selected  specimens  are  known  to 
have  failed  due  to  handling  damage  (HD^)  because  the  organizers  intentionally 
scratched  one  of  the  4  mm  x  50  mm  faces.  This  simulates  gross  damage  due  to 
misuse  of  the  specimen.  The  scratch  was  imparted  on  to  the  surface  with  a 
diamond  indenter  using  only  finger  pressure.  Upon  subsequent  flexure  testing, 
all  specimens  fractured  from  surface  or  subsurface  cracks  associated  with  the 
scratch.  As  a  result,  all  of  the  fracture  origins  are  located  at  the  surface.  The 
size  of  the  subsurface  crack  was  difficult  to  determine  but  the  width  of  the 
scratch  was  between  10  and  30  pm.  The  distinction  between  this  fracture  origin 
and  machining  damage  is  that  the  scratch  is  a  gross  aberrant  feature  that  can 
easily  be  seen  on  the  tensile  surface  of  each  specimen  with  the  naked  eye  as 
well  as  the  optical  microscope  or  SEM.  Figure  2.2.1  is  an  example  of  scratch 
and  subsurface  cracks  as  it  appears  in  one  of  these  alumina  specimens. 

PARTICIPANTS'  RESULTS:  Table  2.2  summarizes  the  participants'  results  for 
specimen  2.  Five  participants  (4,  5,  11, 13  and  15)  correctly  identified  the 
fracture  origin  as  handling  damage  (HD^),  and  one  (7)  identified  it  as  surface 
damage.  Three  others  (6,  8  and  9)  labeled  it  as  machining  damage  (MD^),  one 
(3)  as  a  crack  (CK^)  while  the  remainder  felt  the  origins  were  porosity  related. 

All  but  three  participants  (3,  12  and  18)  characterized  the  origin  at  the  surface. 
As  with  specimen  1  the  size  values  varied  greatly  as  did  the  method  of  reporting 
this  size.  None  of  the  participants  were  in  complete  agreement  (Identity, 
Location  and  Size)  with  the  organizers,  but  the  same  five  that  properly  labeled 
the  origin  as  handling  damage  (HD®),  also  agreed  with  the  organizers'  location. 

DISCUSSION  -  Identity -The  origin  in  these  alumina  specimens  was  handling 
damage.  Although  Table  2.2  indicates  that  only  five  participants  correctly 
labeled  this  origin,  several  others  had  identities  that  were  similar.  Participant  3 
identified  it  as  a  "preexisting  crack"  and  could  see  a  large  longitudinal  crack  (23 
mm  long)  leading  to  the  fracture  origin.  Closer  examination  of  the  tensile 
surface  would  have  revealed  that  this  was  a  gouge  and  not  a  crack.  Participant 
7  noted  the  presence  of  "surface  damage"  which  is  essentially  the  same  as 
handling  damage,  but  this  participant  chose  to  focus  on  an  area  of  porosity. 
Three  others  (6,  8  and  9)  interpreted  it  as  machining  damage  but  the  severity  of 
the  gouge  and  its  wavy  path  along  the  tensile  surface  is  more  indicative  of 
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handling  damage.  The  remaining  participants  incorrectly  labeled  the  origin  as 
something  else  probably  because  they  did  not  examine  the  tensile  surface.  In 
one  of  the  photographs  provided  by  participant  16,  Figure  2.2.2,  the  handling 
damage  can  be  seen  on  the  tensile  surface  but  this  is  ignored  during  the 
characterization. 


Table  2.2 

PARTICIPANTS'  RESULTS  FOR  SPECIMEN  2: 
HANDLING  DAMAGE  IN  ALUMINA 


No. 

Identitv* 

Location“ 

Size  fuml*“ 

Comments 

1 

PS 

S  V 

11 

Did  not  look  at  tensile  surface 

2 

? 

NS 

? 

Did  not  look  at  tensile  surface 

3 

CK 

S  V 

180 

Called  HD  a  crack 

4 

HD  V 

s  V 

c  =  63 

5 

HD  V 

s  V 

20-100 

Estimated  origin  size 

6 

MD 

s  V 

20  X  800 

Interpreted  as  MD  instead  of  HD 

7 

SD/PR 

s  V 

120 

Saw  HD  but  focused  on  PR 

8 

MD 

S  '1 

? 

Interpreted  as  MD  instead  of  HD 

9 

MD 

s  V 

73x217 

Interpreted  as  MD  instead  of  HD;  K,^  estimate  agrees  w/size 

10 

PS 

s  V 

75-80 

Did  not  look  at  tensile  surface 

11 

HD  V 

s  V 

? 

Optical  analysis  revealed  more  details  than  SEM 

12 

PR 

NS 

60x40 

Did  not  look  at  tensile  surface 

13 

HD  V 

S  V 

? 

15 

HDV 

s  V 

100 X  190 

Photos  do  not  show  HD  but  it  is  noted 

16 

LG 

.  s  V 

50-70 

Did  not  look  at  tensile  surface;  HD  obvious  in  photos 

17 

A 

S  V 

No  value 

Did  not  look  at  tensile  surface;  reported  mirror  size 

18 

PR/MD(?) 

NSAf 

65  (29) 

Did  not  look  at  tensile  surface;  MD  can  not  be  NS  or  V 

V  -  agreement  with  the  organizers'  characterization.  ?  could  not  be  determined.  *  PR  -  Porous  Region; 
LG  -  Large  Grain;  MD  -  Machining  Damage;  PS  -  Porous  Seam;  A  -  Agglomerate;  CK -Crack;  SD - 
Surface  Damage;  HD  -  Handling  Damage.  **  NS -Near  Surface;  V- Volume;  S  -  Surface.  ’“‘  Single 
values  indicate  origin  diameter  (2c)  unless  noted.  2-dimensional  values  are  depth  x  width  unless  noted. 

Location  -  Since  handling  damage  is  an  inherently  surface-distributed  fracture 
origin,  like  machining  damage,  it  can  only  be  located  at  the  surface  or  edge  of  a 
specimen  or  component.  The  three  participants  which  reported  an  incorrect 
location  also  incorrectly  identified  the  origin.  Participant  18  felt  the  origin  could 
be  a  combination  of  porosity  (PR'^)  and  machining  damage  but  provided  a 
location  of  near  surface  or  volume.  Machining  damage  can  not  be  located  in 
either  of  these  places  however,  a  PRV  can  be  surface-located. 

Size  -  Based  on  the  given  material  properties  and  Y  =  1 .4,  assuming  a 
semicircular  surface  crack,  the  origin  size  should  range  from  38  pm  (a  =  466 
MPa)  to  273  pm  (a  =  1 73  MPa).  It  should  be  noted  that  the  width  of  the  gouge 
was  approximately  10-30  pm.  The  gouge  itself  is  too  small  to  be  the  origin. 
Therefore,  there  must  be  subsurface  cracks,  similar  to  machining  damage, 
associated  with  the  gouge.  Over  half  of  the  participants  reported  a  value  within 
the  origin  size  range  while  several  others  were  close  to  this  range  and  four  did 


50 


Figure  2.2.2.  Participant  16's  photograph  of  one  of  the  mating  halves  of  the  primary  fracture 
surface  in  specimen  2.  The  arrow  was  added  by  the  organizers  and  points  out  the  scratch  (HO^) 
on  the  tensile  surface  (T). 
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not  report  a  value.  The  variation  in  the  size  values  is  expected,  not  only 
because  there  were  different  specimens  involved,  but  because  of  the  low  failure 
stresses.  As  a  result,  the  markings  on  the  fracture  surface  are  very  difficult  to 
discern  if  they  can  be  seen  at  all.  This  makes  a  size  determination  extremely 
difficult. 

SUMMARY:  As  with  specimen  1  there  was  excellent  agreement  on  the  location 
of  the  origin  in  these  specimens.  The  main  problem  with  characterizing  the 
origin  identity  was  that  the  tensile  surface  was  not  examined  by  most  of  the 
participants.  There  was  no  correlation  between  fractographic  experience  and 
proper  characterization  of  the  fracture  origin,  even  though  a  majority  of  the 
participants  had  a  lot  of  experience  with  alumina.  Determining  the  fracture  origin 
size  was  also  a  problem  for  all  participants,  the  organizers  included.  This 
appears  to  be  due  to  the  low  fracture  stresses  of  the  ceramic. 

Specimen  3:  Pores  In  Zirconia 

MATERIAL  INFORMATION:  The  specimens  were  a  sintered  tetragonal  zirconia 
polycrystal  ceramic  (Zr02)  containing  3.0  mole  %  yttria.  Fracture  toughness,  as 
determined  by  the  indentation-strength  technique,  was  «  5.5  MPaWm^O.  The 
room  temperature  four-point  flexure  strength  of  these  eighteen  specimens  in  air 
was  474  to  721  MPa^O. 

ORGANIZERS'  CHARACTERIZATION:  The  dominant  fracture  origin  in  this 
zirconia  is  a  volume-distributed  pore  (PV)40  jhe  characterization  should  be 
Pore,  which  is  volume-distributed.  Circular  or  elliptical  cracks  can  be  used  to 
model  the  origin.  Circular  origins  had  a  radius  of  25  -  50  pm  and  elliptical 
origins  had  a  minor  axis  of  1 0  -  65  pm  and  a  major  axis  of  40  - 1 00  pm.  An 
example  is  given  in  Figure  2.3.1. 

PARTICIPANTS'  RESULTS:  Fourteen  of  the  seventeen  participants  agreed  with 
the  identity  of  this  fracture  origin  type.  Six  of  these  participants  (1 ,  4,  9,  12,  1 3 
and  16)  were  in  complete  agreement  (Identity,  Location  and  Size)  with  the 
organizers'  characterization.  All  but  three  participants  agreed  with  the  origin 
location.  Eleven  agreed  with  the  origin  size  that  the  organizers  determined. 

One  participant  did  not  report  a  size  value.  These  results  are  shown  in  Table 
2.3. 

DISCUSSION  -  Identity  -  This  was  the  only  specimen  in  Topic  #2  that  a 
consensus  was  reached  on  the  identity  of  the  origin.  Since  pores  are  common 
features  in  ceramic  materials  this  may  account  for  the  consensus.  The 
possibilities  why  four  participants  (3,  5,  11  and  18)  did  not  agree  with  the 
majority  will  be  discussed. 
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Figure  2.3.1.  Example  of  a  Pore  in  Specimen  3:  Zirconia.  T"  denotes  the  tensile  surface. 
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Participant  3  was  mislead  by  the  possible  contarhination  of  the  specimen. 
Figure  2.3.2  shows  the  organizers'  initial  photograph  and  participants' 
photograph  of  the  origin.  They  are  identical  except  for  the  globule  of  material 
(labeled  by  +)  in  the  participants'  photograph,  Figure  2.3.2B.  It  appears  that  the 
globule  is  a  contaminant.  EDS  by  the  participant  indicates  that  the  globule 
contains  Si,  Cl,  Na,  K,  Al  and  S,  thus  the  inclusion  label.  The  specimen  was 
cleaned  only  with  compressed  air  prior  to  examination.  Cleaning  with 
compressed  air  will  only  remove  lightly  clinging  contaminants  such  as  lint. 
Removal  of  this  globule  would  appear  to  require  a  stronger  cleaning. 

The  porous  area  (PA)  identity  reported  by  participant  5  may  be 
appropriate  for  the  particular  specimen  that  participant  received.  Figure  2.3.3 
shows  this  origin.  It  has  several  macroscopic  pores  close  together  thus  a  label 
of  porous  region  (PRV)  may  be  appropriate.  (It  is  believed  that  PA  is  equivalent 
to  PR.) 


Table  2.3 

PARTICIPANTS'  RESULTS  FOR  SPECIMEN  3: 
A  PORE  IN  ZIRCONIA 


No. 

Identity* 

Location** 

Size  tumi*** 

Cornments 

1 

P  V 

s  V 

56  X  68  V 

2 

P>/ 

V/NS  V 

90 

Origin  may  be  connected  to  tensile  surface 

3 

1 

s  V 

45 

Used  EDS  to  identify  origin 

4 

P  v 

s  V 

100  V 

Origin  could  be  located  at  S  or  E 

5 

PA 

s  V 

c  =  25  -  30  V 

Estimated  size  in  agreement  with  measured  size 

6 

P  V 

V 

40  x125  V 

Examination  of  mating  half  may  have  changed  location 

7 

p  V 

E 

42x100  V 

Location  ? 

8 

p  V 

NS 

20  X  80  V 

Examination  of  mating  half  may  have  changed  location 

g 

p  V 

NS  V 

35  X  80  V 

Origin  may  be  connected  to  tensile  surface 

10 

P  V 

NS  V 

60-70 

11 

p/ckV 

s  V 

*200 

Examined  only  1/2  of  surface;  Size  estimated  to  be  w  90  pm 

12 

p  V 

NS  V 

30  X  80  V 

13 

P  V 

s  V 

10-65  V 

15 

P  V 

NS  V 

46x170 

Poor  quality  of  photograph 

16 

P  V 

s  V 

Depth  =  38  V 

17 

P  V 

s  V 

No  value 

Reported  mirror  size 

18 

MD 

E  V 

60 

Crack  is  not  present  in  organizers'  photographs 

V  -  agreement  with  the  organizers'  characterization.  ?  could  not  be  determined.  *  P  -  Pore;  PA  -  Porous 
Area;  MD  -  Machining  Damage;  I  -  Inclusion;  CK  -  Crack.  **  NS  -Near  Surface;  V  -  Volume;  S  - 
Surface;  E  -  Edge.  ***  Single  values  indicate  origin  diameter  (2c)  unless  noted.  2-dimensional  values  are 
minor  axis  x  major  axis  unless  noted. 


Participant  1 1  noted  the  presence  of  a  crack  associated  with  the  pore 
thus  the  combined  label  (P/CK),  but  only  one  of  the  primary  fracture  surfaces 
was  examined  with  the  SEM.  Participant  18  also  saw  a  crack  in  the  area  of  the 
origin.  Figure  2.3.4A,  giving  rise  to  the  machining  damage  label,  but  this  crack 
cannot  be  seen  in  any  of  the  organizers'  photographs.  Figure  2.3.4B,  taken  prior 
to  the  participants'  characterization.  The  organizers  reexamined  this  specimen 
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Figure  2.3.3.  Participant  5's  SEM  photograph  of  the  origin  in  specimen  3.  Is  this  a  pore  or 
porous  region? 
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Figure  2.3.4.  SEM  photographs  of  specimen  3  from  the  set  sent  to  participant  18.  A)  Participant  18's 
photograph.  The  participant  used  hand  drawn  arrows  to  show  the  pore.  B)  SEM  photograph  taken  by  the 
organizers'  prior  to  sending  the  specimen  to  the  participant.  C)  Organizers'  SEM  photograph  of  the 
fracture  origin  after  it  was  characterized  by  the  participant  and  returned  to  the  organizers.  Black  arrow 
indicates  the  pore  and  white  arrow  shows  were  the  piece  was  removed.  "T"  denotes  the  tensile  surface. 


and  did  not  find  the  crack  as  seen  in  Figure  2.3.4A,  but  saw  that  a  piece  of  the 
specimen  was  missing,  Figure  2.3.4C.  The  crack  may  be  an  artifact  of  the 
testing  and/or  handling  of  the  specimen.  The  crack  is  not  seen  on  the  mating 
half  of  the  primary  fracture  surface  but  the  pore  can  clearly  be  seen.  In  each 
case  had  the  participant  examined  the  mating  half  of  their  specimen  it  may  have 
become  clear  that  the  pore  was  the  primary  origin. 

Location  -  Two  (6  and  8)  of  the  three  participants  that  did  not  agree  with  the 
location  of  the  origin  examined  only  one  of  the  primary  fracture  surfaces.  Had 
they  examined  the  mating  half  the  location  they  reported  may  have  agreed  with 
the  organizers.  The  specimen  which  participant  7  examined  was  an  unusual 
case  where  the  origin  is  located  at  the  side  of  the  specimen  above  the  chamfer, 
Figure  2.3.5. 

Size  -  Unlike  the  first  two  specimens  in  this  topic  there  are  many  participants 
who  agreed  with  origin  size  determined  by  the  organizers  even  though  some  of 
the  origins  had  unusual  shapes.  The  boundary  between  the  pore  and  the  matrix 
is  quite  distinct  in  most  instances  making  a  size  determination  much  easier. 
Those  which  did  not  agree  with  organizers'  size  tended  to  have  an  origin  with  a 
very  complex  shape  or  that  contained  a  number  of  macroscopic  pores,  as  seen 
in  Figure  2.3.3. 


The  mechanical  property  data  and  Y  =  1.4  (assuming  a  semicircular  crack 
at  the  surface)  were  inserted  in  to  Equation  1  b  to  estimate  the  size  of  the  origins 
in  these  eighteen  specimens.  The  radius  of  the  origins  ranged  from  30  to  69  p 
m.  All  but  participant  1 1  reported  a  size  value  within  or  very  near  this  range. 

The  size  reported  by  this  participant  was  much  larger  than  the  upper  end  of  the 
estimated  range.  This  value  was  a  combination  of  the  pore  and  the  crack  the 
participant  saw  in  the  specimen. 

SUMMARY:  A  general  consensus  was  reached  on  the  characterization  of  this 
origin,  irrespective  of  one's  experience  level.  Pores  are  common  anomalies  in 
most  ceramics  thus  it  may  be  safe  to  assume  that  most  of  the  participants  had 
seen  pores  before.  Also  the  pore  was  quite  obvious  in  most  specimens  making 
identification  and  size  determination  much  easier.  The  characterization  of  the 
origin  location  was  not  a  problem. 

Specimen  4:  Pits  In  Silicon  Carbide 

MATERIAL  INFORMATION:  Specimens  were  a  reaction-bonded  polycrystalline 
silicon  carbide  (SiC).  Fracture  toughness  was  unknown  but  was  estimated  to  be 
w  3  MPaWm.  Room  temperature  flexure  strength  was  obtained  from  four-point 
flexure  testing  in  air.  Prior  to  strength  testing  the  specimens  were  thermally 
shocked  between  1,000  and  10,000  times  from  «  1350OC  to  room  temperature. 
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Figure  2.3.5.  SEM  photograph,  from  participant  7,  of  a  pore  located  at  the  side  of  the  flexure 
specimen.  Appropriate  location:  Volume  QJ)*.  *  located  at  the  side  of  the  specimen 
approximately  175  |xm  beneath  the  tensile  surface. 
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Quenching  was  done  during  each  cycle  with  a  jet  of  compressed  air  and  took  « 
15  seconds.  The  strength  of  these  specimens  was  between  213  and  361  MPa. 

ORGANIZERS'  CHARACTERIZATION:  These  specimens  were  subjected  to 
repeated  thermal  shocks  as  discussed  in  References  41  and  42.  The  external 
surfaces  of  each  specimen  were  degraded  during  this  exposure.  Fractographic 
analysis  after  room  temperature  flexure  testing  indicated  that  the  strength  was 
limited  by  pits  (PTS)  which  were  created  during  the  exposure.  All  of  these  pits 
are  located  at  the  surface  and  are  best  represented  by  an  semiellipse  with  a 
depth  between  10  and  100  pm  and  a  width  between  25  and  275  pm.  The  pits 
are  obvious  on  the  specimen  surfaces  as  seen  in  Figure  2.4.1. 

PARTICIPANTS'  RESULTS:  Only  five  participants  (6,  7,  9,  15  and  18)  agreed 
with  the  organizers  that  this  origin  type  was  a  pit  (PT^).  Many  other  identities 
were  given.  There  was  general  agreement  on  the  location  characterization. 
Only  three  participants  reported  an  origin  location  different  from  the  organizers. 
The  size  of  the  origin  varied  as  did  the  technique  of  reporting  this  size. 
Participants  2,  10,  11  and  12  were  in  agreement  with  the  size  value  of  the 
organizers.  None  of  the  participants  were  in  complete  agreement  (Identity, 
Location  and  Size)  with  the  organizers.  Table  2.4  summarizes  the  participants' 
results  for  this  specimen. 


Table  2.4 

PARTICIPANTS’  RESULTS  FOR  SPECIMEN  4: 
A  PIT  IN  SILICON  CARBIDE 


No. 

Identitv* 

Location** 

Size  fumi*** 

Comments 

1 

P 

S  V 

12x45 

Did  not  take  thermal  history  into  account 

2 

SV 

s  V 

125  V 

Did  not  take  thermal  history  into  account 

3 

MD 

E  V 

20? 

Did  not  take  thermal  history  into  account 

4 

l(?) 

S  V 

115 

5 

CHIP 

E  V 

c  =  30  -  35 

Did  not  take  thermal  history  into  account 

6 

PTV 

s  V 

40  X  300+ 

7 

PT  V 

s  V 

128 

8 

1 

PT  V 

s  V 

60x70 

Did  not  take  thermal  history  into  account 

9 

s  V 

57  X  170 

10 

MD 

s  V 

90  V 

Did  not  take  thermal  history  into  account 

11 

P/MD 

s  V 

Depth  =  68  V 

Mentioned  thermal  history  but  did  not  tie  together  w/origin 

12 

? 

E 

50  X  25  V 

Inexperience  shows;  confused  meaning  of  S  and  E  location 

13 

SV 

S  V 

15 

Did  not  take  thermal  history  into  account 

15 

PT  V 

S  V 

34x113 

16 

? 

? 

? 

17 

P 

s  V 

46  X  251 

Did  not  take  thermal  history  into  account 

18 

PT  V 

s  V 

50 

V  -  agreement  with  the  organizers’  characterization.  ?  could  not  be  determined.  *  P  -  Pore;  PT  -  Pit;  MD  - 
Machining  Damage;  I  -  Inclusion;  SV  -  Surface  Void.  **  S  -  Surface;  E  -  Edge.  ***  Single  values  iridicate 
origin  diameter  (2c)  unless  noted.  2-dimensional  values  are  depth  x  width  unless  noted. 
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Figure  2.4.1.  Example  of  Pits  in  Specimen  4:  Silicon  Carbide.  Mating  halves  of  the  primary 
fracture  surface  are  shown.  T"  denotes  the  tensile  surface. 
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DISCUSSION  -  Identity  -  Eight  of  the  twelve  participants  who  labeled  the  origin 
as  something  other  than  a  pit  (PTS)  did  not  take  the  thermal  history  of  the 
specimen  into  account.  For  example,  participants  2  and  13  identified  the  origin 
as  a  surface  void  (SV^).  These  pits  appear  similar  to  the  examples  of  surface 
voids  given  in  MIL  HDBK-790,  (see  Figure  2.4.2),  but  surface  voids  are  only 
present  on  the  surface  of  specimens  which  are  tested  in  an  as-processed  state 
(i.e.,  no  machining  of  the  bar).  The  bars  used  for  specimen  4  were  all  machined 
from  a  large  billet  therefore  surface  voids  can  not  be  the  origin  type. 

Participant  4  was  uncertain  of  the  inclusion  identity  that  they  reported. 
Although  the  thermal  history  was  taken  into  account  during  characterization, 

EDS  indicated  the  presence  of  Si  and  O  at  the  deepest  portion  of  the  pit.  The 
participant  believed  that  the  growth  of  the  oxide  inclusion  initiated  fracture  at  the 
tip  of  the  cavity.  Participant  1 1  mentioned  that  the  thermal  history  may  have  had 
an  effect  on  the  origin  but  did  not  tie  this  together  in  the  characterization. 
Participants  12  and  16  did  not  identify  the  fracture  origin. 

Location  -  A  pit  can  only  be  located  at  the  surface  or  edge  of  the 
specimen/component  because  it' is  an  inherently-surface  distributed  fracture 
origin.  With  the  exception  of  participant  16  every  other  participant  located  the 
origin  at  the  surface  or  the  edge.  Participant  12  examined  the  incorrect  area  and 
also  confused  the  meaning  of  surface  and  edge. 

Size  -  A  size  range  of  35  pm  (o  =  361  MPa)  to  101  pm  (a  =  213  MPa)  was 
obtained  from  Equation  1  b.  Since  these  origins  were  located  at  the  surface  and 
tended  to  be  semicircular  or  semielliptical  in  shape  a  Y  of  1 .4  was  used  in  the 
calculation.  As  with  machining  damage  the  depth  of  the  pit  is  the  critical  size 
measurement.  Nine  participants  reported  single  values.  Four  (5,  10,  11  and  18) 
were  within  the  calculated  range  while  participants  3  and  13  were  below  and 
participants  2,  4,  and  7  were  above  this  range.  Of  the  seven  participants  who 
provided  2-dimensional  values  six  reported  a  depth  value  within  the  size  range. 

SUMMARY:  Many  participants  overlooked  or  ignored  a  valuable  piece  of 
information:  the  thermal  history  of  the  specimen.  Some  also  did  not  understand 
how  pits  are  formed.  There  was  no  problem  in  determining  the  location  of  the 
origin,  but  size  characterization  was  a  problem.  There  was  no  correlation 
between  experience  and  the  proper  characterization  of  this  origin  type. 

Specimen  5:  Machining  Damage  In  Silicon  Nitride 

MATERIAL  INFORMATION:  The  ceramic  specimens  were  an  injection-molded 
then  hot-isostatically  pressed  silicon  nitride  (Si3N4)  containing  6  w/o  yttria. 
Material  fracture  toughness  was  estimated  to  be  between  4.5  -  5.5  MPaWm. 

The  room  temperature  four-point  flexure  strength  of  these  specimens,  in  air,  was 
between  527  and  837  MPa"+3. 
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Figure  2.4.2.  A)  Participant  2's  SEM  photograph  of  the  pit  in  specimen  4.  Arrows  added  by  the 
organizers.  B)  SEM  photograph  of  a  surface  void  from  Military  Handbook  790,  Figure  33,  page 
40.  Note  the  similarity. 
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ORGANIZERS'  CHARACTERIZATION:  The  specimens  failed  due  to  gross 
machining  damage  (MDS).  This  damage  was  typically  at  the  chamfer  were  it  was 
so  severe  that  sections  of  the  chamfer  spalled  off  prior  to  or  during  strength 
testing.  The  size  of  the  origin  was  difficult  to  characterize  but  the  few  that  could 
be  determined  had  depths  between  20  and  60  pm.  Figure  2.5.1  provides  an 
example  of  the  typical  machining  damage  seen  in  these  specimens. 

PARTICIPANTS'  RESULTS:  Eleven  participants  (1,  2,  3,  5,  6,  7,  8,  9,  12,  15 
and  17)  were  clearly  able  to  identify  this  as  machining  damage  while  three 
others  were  very  close  to  this  label.  Two  participants  (13  and  16)  could  not 
identify  the  origin  and  a  third  (1 1 )  believed  the  origin  was  related  to  a 
microstructural  irregularity.  In  regards  to  the  origin  location,  eleven  participants 
agreed  with  the  organizers.  The  participants  had  difficulty  determining  the  size 
of  the  origin  with  over  a  third  of  them  not  reporting  any  value.  Two  participants 
(3  and  6)  were  in  complete  agreement  (Identity,  Location  and  Size)  with  the 
organizers  and  seven  others  (1,  2,  5,  8,  9,  15,  and  17)  agreed  with  the  identity 
and  location  but  not  the  size.  These  results  are  generalized  in  Table  2.5. 

DISCUSSION  -  Identity  -  Unlike  the  specimens  used  in  Topic  #1  of  this  exercise 
these  specimens  exhibited  a  form  of  gross  machining  damage.  The  cracking 
due  to  grinding  was  so  severe  that  sections  of  the  chamfers  spalled  off.  The 
organizers  had  a  distinct  advantage  over  the  participants  because  they  were 
able  to  examine  the  entire  specimen  set. 

Five  of  the  participants  identified  the  origin  as  something  akin  to 
machining  damage.  Participant  4  provided  a  photograph.  Figure  2.5.2,  which 
showed  the  chipping  along  the  chamfer  but  the  origin  was  labeled  as  handling 
damage  (HDS).  Although  handling  damage  can  be  in  the  form  of  chips  the 
nature  of  the  chips  along  the  chamfer  indicates  that  this  is  related  to  machining. 
The  origin  was  identified  as  a  "chip"  by  participant  5.  This  could  be  interpreted 
as  machining  damage.  Participant  10  and  12  believed  that  the  fracture  origin 
was  a  crack  (CK^).  The  photographs  provided  by  participant  10  do  not  indicate 
that  the  external  surfaces  had  been  examined,  Figure  2.5.3A.  Examination  of 
these  surfaces  would  have  revealed  the  extent  of  machining  damage  see  Figure 
2.5.3B.  Again  this  may  be  a  case  were  examination  of  only  one  specimen  was 
inadequate  for  proper  and  complete  characterization  of  the  origin.  Participant  12 
while  close  to  the  identity  of  the  origin  examined  the  incorrect  area. 

Participants  1 1  and  18  examined  only  one  of  the  primary  fracture 
surfaces.  An  examination  of  the  mating  half  may  have  lead  to  a  different  identity 
since  in  both  cases  the  mating  half  showed  the  machining  damage  more  clearly. 
Participant  13  did  not  characterize  the  fracture  origin  because  "no  fracture  origin 
could  be  identified.". 
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Figure  2.5.1.  Example  of  Machining  Damage  in  Specimen  5:  Silicon  Nitride.  Mating  halves  of 
the  primary  fracture  surface  are  shown.  T"  denotes  the  tensile  surface. 
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Figure  2.5.2.  Optical  photograph  from  participant  4,  of  machining  related  chipping  on  the 
chamfer  of  specimen  5.  Arrows  were  added  by  the  organizers. 
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.  Table  2.5 

PARTICIPANTS’  RESULTS  FOR  SPECIMEN  5: 
MACHINING  DAMAGE  IN  SILICON  NITRIDE 


No. 

Identity* 

Location** 

Size  /uml*** 

Comments 

1 

mdV 

eV 

530 

2 

mdV 

s/eV 

? 

3 

mdV 

sV 

50  -  75  a/ 

4 

HD 

s  V 

c  =  91 

Noted  chipping  on  chamfer  but  did  not  equate  to  machining 

5 

CHIP  V 

Ea/ 

c  =  20  a/ 

Noted  irregularity  on  chamfer  but  photos  do  not  show  this 

6 

MDV 

eV 

20  X  65  a/ 

7 

mdV 

s 

30x190  a/ 

Markings  on  photos  indicate  E  location 

8 

mdV 

eV 

? 

9 

mdV 

EV 

25x65 

10 

CK 

NS 

5-10 

Did  not  examine  mating  half  of  chamfer  in  detail 

11 

M 

V? 

? 

M  denotes  microstructural  irregularity 

12 

ck/mdV 

E 

.  10x50 

Confused  E  and  S 

13 

? 

? 

? 

15 

MD  V 

Ea/ 

? 

16 

? 

? 

? 

No  origin  detected 

17 

MD  V 

Ea/ 

No  value 

Mirror  size  reported 

18 

PR/MD 

NS/E 

15 

V  -  agreement  with  the  organizers'  characterization.  ?  could  not  be  determined.  *  MD  -  Machining 
Damage:  PR  -  Porous  Region;  HD  -  Handling  Damage;  CK  -  Crack.  **  NS  -Near  Surface;  V  -  Volume; 
S  -  Surface;  E  -  Edge;  NE  -  Near  Edge.  *"  Single  values  indicate  origin  diameter  unless  noted.  2- 
dimensional  values  are  depth  x  width  unless  noted. 


Location  -  Due  to  its  inherent  nature  machining  damage  can  only  be  found  at 
the  surface  or  edge  of  a  ceramic  piece.  Participants  10,  1 1  and  18  reported 
other  locations.  Participant  10  located  it  near-to-the-surface  but  it  is  clearly 
located  at  the  surface,  Figure  2.5.3.  The  volume  location  reported  by  participant 
1 1  is  possible  for  a  "microstructural  irregularity",  as  the  origin  was  labeled. 
Participant  18  characterized  the  origin  as  a  coincidental  origin  of  porosity  (PRV) 
and  machining  damage  with  a  location  of  near  surface  or  edge.  The  near 
surface  label  appears  to  be  incorrect  for  this  coincidental  origin. 


Size  -  Since  the  toughness  of  this  ceramic  was  estimated  to  be  4.5  -  5.5  MPaWm 
an  origin  size  range  for  each  toughness  was  calculated  using  Equation  1b.  (Y  = 

l . 4  assuming  a  semicircular  crack  located  at  the  surface.)  These  two  ranges 
are:  15  to  37  |im  for  a  toughness  of  4.5  MPaWm  and  22  to  56  pm  for  5.5  MPaW 

m.  Both  ranges  appear  to  be  quite  small  considering  the  severity  of  the 
machining  damage.  The  size  values  listed  in  Table  2.5  vary  significantly  and 
only  seven  participants  reported  a  value  or  a  dimension  within  either  of  these 
ranges. 


SUMMARY:  At  least  half  of  the  participants  concurred  with  the  organizers' 
characterization  of  the  identity  and  location.  This  was  clearly  a  case  were 
examination  of  the  entire  specimen  set  would  have  improved  the  participants' 
characterization.  In  some  instances,  even  when  entire  sections  of  the  chamfer 
were  removed,  there  was  little  evidence  of  machining  damage  (striations. 
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X  200.:  PfBrO*  11 


Figure  2.5.3.  SEM  photographs  of  specimen  5.  A)  Participant  10's  photograph.  B) 
Organizers’  photograph.  Arrows  point  out  the  machining  damage  on  the  tensile  surface 
denotes  the  tensile  surface. 


grooves,  etc.).  The  severity  and  three-dimensionality  of  the  damage  also 
complicated  the  size  measurement. 

Specimen  6:  Porous  Seam  Or  Porous  Region  In  Titanium  Diboride 

MATERIAL  INFORMATION:  The  specimens  were  a  high-purity,  sintered 
titanium  diboride  (TiB2).  Material  fracture  toughness,  as  determined  by  the 
indentation-strength  technique,  was  «  4.5  MPaWm.  The  room  temperature  four- 
point  flexure  strength  of  these  specimens,  in  air,  was  between  234  and  337  MPa. 

ORGANIZERS'  CHARACTERIZATION:  The  organizers  characterized  the 
fracture  origins  in  these  TiB2  specimens  as  a  porous  seam  (PS'')  or  a  porous 
region  (PR'')  which  tended  to  be  located  at  or  very  near  to  the  tensile  surface. 
The  origin  size  was  best  represented  by  an  ellipse  having  a  minor  axis  of  50  - 
270  jim  and  a  major  axis  of  60  -  380  pm.  An  example  of  this  origin  is  shown  in 
Figure  2.6.1. 

PARTICIPANTS'  RESULTS:  Four  participants  (3,  6,  9,  and  12)  were  in  complete 
agreement  (Identity,  Location  and  Size)  with  the  organizers'  characterization, 
and  three  others  (1,  16  and  18)  agreed  with  the  identity  and  location  only.  Most 
of  the  participants  indicated  that  the  origin  was  porosity  related  (P''  or  PR''). 
Origin  location  was  not  a  problem  but  there  was  a  wide  array  of  sizes  reported 
and  methods  of  reporting  these  values.  Table  2.6  summarizes  the  participants' 
results. 

DISCUSSION  -  Identity  -  Most  participants  labeled  the  origin  as  porosity  related 
(P''  or  PR'')  but  other  labels  such  as  agglomerate  (A''),  inclusion  (I'')  and  surface 
void  (SV/S)  were  also  given.  Five  participants  (4,  7,  10,  15  and  17)  gave  the 
origin  an  agglomerate  label.  Their  photographs  show  regions  of  porosity.  This 
does  not  fit  the  definition  of  agglomerate  given  in  MIL  HDBK-790  which  states 
that  an  agglomerate  is  a  "...  solid  mass.".  Additionally,  the  organizers  believe 
that  if  participants  15  and  17  had  examined  the  mating  half  of  the  primary 
fracture  surface  their  identity  might  have  been  different.  Failure  to  examine  the 
mating  halves  of  the  primary  fracture  surface  can  lead  to  an  errant  identification 
of  the  origin.  This  is  especially  true  for  an  agglomerate.  Many  times  one  half  of 
the  fracture  surface  will  have  a  depression  which  is  matched  on  the  mating  half 
of  the  surface  by  a  protrusion  of  the  same  size.  Figure  2.6.2  shows  the  mating 
halves  of  the  fracture  surface  from  participant  1 5's  specimen  set. 

The  organizers  do  not  understand  why  participant  8  labeled  the  origin  as 
an  inclusion  (I'').  EDS  shows  only  Ti  which  is  not  surprising  since  this  is  a  TiB2 
material  and  unless  the  detection  system  has  a  thin  window,  which  allows  for  the 
detection  of  light  elements  (below  Na),  B  would  not  be  detected.  Thus  we  can 
not  determine  why  this  label  was  chosen.  Participant  13  reported  an  identity  of 
surface  void  (SV®).  The  origin  in  the  participants'  photograph  looks  similar  to 
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Figure  2.6.1.  Example  of  Porous  Seam/Porous  Region  in  Specimen  6:  Titanium  Diboride. 
Mating  halves  of  the  primary  fracture  surface  are  shown.  T"  denotes  the  tensile  surface. 
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Figure  2.6.2.  SEM  photographs  of  specimen  6.  A)  Participant  15's  photograph.  B)  Organizers' 
photographs  of  the  mating  halves  of  the  primary  fracture  surface.  The  photographs  in  B) 
indicate  that  this  origin  is  a  porous  region  (PR'^J  and  not  an  agglomerate  (A^).  "T"  denotes  the 
tensile  surface. 
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the  examples  of  surface  void  given  in  MIL  HDBK-790,  however,  this  is  incorrect 
because  surface  voids  are  located  on  the  surface  of  the  material  as  a  direct 
consequence  of  processing.  Since  this  specimen  was  machined  from  a  large 
billet,  surface  voids  can  not  be  a  type  of  fracture  origin  in  this  instance. 

Table  2.6 

PARTICIPANTS’  RESULTS  FOR  SPECIMEN  6: 

A  POROUS  SEAM  OR  POROUS  REGION  IN  TITANIUM  DIBORIDE 


No. 

Identitv* 

Location** 

Size  fumi*** 

Comments 

1 

P/PR  V 

V  V 

230 

»  211  pm  below  tensile  surface-agreement  with  organizers' 

2 

P 

V/NS 

170  V 

a  20  pm  below  tensile  surface 

3 

PR  V 

E  V 

230  V 

4 

A 

NS  V 

450 

"A"  tends  to  denser 

5 

PA 

V 

c  =  50 

Examined  incorrect  area 

6 

PR  V 

s  V 

100  x145  V 

7 

PR/A 

s  V 

80  X 120  V 

"A"  tends  to  denser 

8 

1 

s  V 

230  X  400  V 

EDS  shows  only  Ti  thus  can  not  account  for  1  label 

9 

PR  V 

S  V 

50x100  V 

10 

A 

s  V 

*  150 

"PR  from  uncrushed  A  particles";  examined  incorrect  area 

11 

PR  V 

NS 

150x400 

a  150  pm  below  tensile  surface 

12 

PR  V 

NS  V 

120 X 160  V 

13 

SV 

s  V 

50  -  250 

15 

A 

s  V 

160x80 

Identity  might  be  different  if  mating  half  was  examined 

16 

PR  V 

S  V 

Depth  =  125 

17 

P/A(?) 

S  V 

85  X  89  V 

Identity  might  be  different  if  mating  half  was  examined 

18 

PR  V 

S  V 

81 

"Easiest  material  to  deal  with" 

V  -  agreement  with  the  organizers'  characterization.  ?  could  not  be  determined.  *  P  -  Pore;  PR  -  Porous 
Region;  PA  -  Porous  Area;  I  -  Inclusion;  A  -  Agglomerate;  SV  -  Surface  Void,  **  NS -Near  Surface;  V- 
Volume;  S  -  Surface;  E  -  Edge.  ***  Single  values  indicate  origin  diameter  (2c)  unless  noted.  2- 
dimensional  values  are  minor  axis  x  major  axis  unless  noted. 


Location  -  Fourteen  of  the  seventeen  participants  agreed  with  the  organizer's 
location  of  these  fracture  origins.  One  of  the  three  who  disagreed  was 
participant  5,  who  identified  the  wrong  feature  as  the  origin.  The  disagreements 
with  the  other  two  participants  were  due  to  the  differences  in  what  constitutes 
volume  versus  near  surface  location  characterization.  Participant  2  labeled  the 
origin  as  V/NS  while  the  organizers’  gave  it  a  NS  label.  Both  agreed  that  the 
origin  was  about  20  pm  beneath  the  tensile  surface.  In  the  other  instance, 
participant  1 1  characterized  the  origin  as  near  surface  even  though  it  was  about 
150  pm  below  the  tensile  surface.  The  organizers  agree  with  the  distance  below 
the  surface  but  because  it  is  a  rather  large  distance,  feel  that  a  volume  location 
is  more  appropriate.  A  better  definition  of  the  near  surface  location  is  needed  in 
MIL  HDBK-790. 

Size  -  There  was  a  range  of  origin  sizes  reported  as  well  as  a  variety  of  ways  to 
report  the  size.  For  the  range  of  fracture  stresses  in  the  18  specimens  the 
fracture  origin  size  for  this  ceramic  is  91  pm  (a  =  337  MPa)  to  189  pm  (a  =  234 
MPa)  as  determined  using  Equation  1b  and  the  strength  and  toughness  values 
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provided.  (A  shape  factor  (Y)  of  1 .4  was  used.)  Ten  participants  reported  a 
value  within  this  range  and  two  others  were  very  close.  The  main  problem  with 
accurate  measurement  of  the  origin  size  appears  to  be  the  complex  geometries 
which  were  encountered. 

SUMMARY:  It  is  important  that  the  mating  halves  of  the  primary  fracture  surface 
are  examined  when  there  is  uncertainty  in  the  identify  of  the  fracture  origin. 
Again  location  of  the  origin  was  not  a  problem  but  the  measurement  of  the  size 
was  complicated  by  the  different  geometries  that  were  encountered. 

Topic  #2:  Summary 

The  results  from  this  topic  of  the  exercise  show  that  the  characterization 
scheme  in  Military  Handbook  790  contains  the  necessary  attributes  for  the 
complete  characterization  of  fracture  origins  in  advanced  structural  ceramics. 
The  general  scheme  of  identity,  location  and  size  worked  well,  but  some 
clarification  and  refinements  are  needed  regarding  the  particulars  of  each 
attribute.  The  exercise  also  revealed  that  the  guidelines  provided  can  enable  an 
inexperienced  fractographer  to  identify  and  properly  characterize  fracture 
origins. 

Table  2.7  lists  the  ratios  of  concurrence  in  interpretation  of  the 
participants  with  the  organizers  for  the  six  specimens  of  Topic  #2.  It  is  cle’ar  that 
there  was  mixed  success,  in  some  instances  there  was  a  good  consensus  and  in 
other  specimens,  there  was  not.  One  reason  for  the  lack  of  a  consensus 
appears  to  be  that  the  participants  had  only  one  specimen  of  each  material  to 
analyze  while  the  organizers  had  eighteen  or  more  specimens  available  for 
analysis.  Even  at  that,  some  participants  ignored  some  of  the  available 
information,  i.e.,  the  mating  half  of  the  primary  fracture  surface,  or  the  external 
surfaces  of  the  specimen. 

Table  2.7 

CONCURRENCE  WITH  ORGANIZERS*  EVALUATION 


Specimen  # 

1:  LG  in  Al203/SiC 
2:  HDinAl203 
3:  P  in  Zr02 
4:  PTinSiC 
5:  MD  in  Si3N4 
6:  PS  or  PR  in  TiB2 


Identity 

6/17  =  35% 
5/17  =  29% 
14/17  =  82% 
5/17  =  29% 
11/17  =  65% 
8/17  =  47% 


—  Size  values  not  determined  by  organizers. 


Location 
12/17  =  71% 
14/17  =  82% 
14/17  =  82% 
15/17  =  88% 
10/17  =  59% 
14/17  =  82% 


Size 

7/17  =  41% 

10/17  =  59% 
4/17  =  24% 
4/17  =  24% 
8/17  =  47% 


In  regards  to  the  origin  identity,  the  fractographer  must  be  aware  of  the 
material  or  specimens'  past  history  (processing,  exposures,  testing  conditions. 
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etc.)  and  understand  how  this  can  affect  the  type  of  origin  seen  on  the  fracture 
surface.  Several  participants  mislabeled  the  pit  created  due  to  thermal  cycling  in 
specimen  4  as  a  surface  void  or  a  pore.  Although  these  origin  types  look  similar 
they  are  different  because  they  were  created  differently.  This  is  reflected  in  their 
respective  definitions.  Many  participants  ignored  the  information  about  the 
thermal  cycling  that  these  specimens  experienced  or  did  not  examine  the 
external  surfaces.  The  appropriate  identity  may  have  been  reported  had  one  or 
both  of  these  been  taken  in  account. 

Location  also  plays  an  important  role  in  making  the  identification 
characterization.  For  example,  if  the  origin  is  clearly  located  in  the  volume  of  the 
specimen,  then  all  the  inherently-surface  distributed  origin  types  can  be 
eliminated  from  consideration.  On  the  other  hand  if  the  origin  is  clearly  located 
at  the  surface  then  none  of  the  origin  types  can  be  eliminated,  but  this  should  be 
a  clue  that  the  tensile  surface  should  be  examined,  (as  typified  by  the  results 
from  specimen  2). 

As  has  been  shown  by  this  exercise  the  determination  of  the  size  of  a 
fracture  origin  is  complicated  for  a  variety  of  reasons.  Even  so,  the  use  of 
fracture  mechanics  can  provide  valuable  information  about  the  size.  If  the  origin 
is  located  near  the  surface  and  the  measured  size  is  smaller  than  that  estimated 
by  fracture  mechanics  it  may  indicate  that  the  ligament  of  material  between  the 
surface  and  the  origin  should  be  considered  part  of  the  origin  size.  If  the  size  of 
the  origin  can  be  measured  with  confidence  then  fracture  mechanics  can  be 
used  to  obtained  an  estimate  of  the  toughness  of  the  material.  This  calculated 
toughness  value  can  then  be  compared  to  independently  measured  toughness 
values  and  possibly  corroborate  the  identity  of  the  origin. 

Performing  fractographic  analysis  on  a  ceramic  specimen  or  a  group  of 
specimens  is  much  like  assembling  a  jigsaw  puzzle  or  being  a  detective  trying  to 
solve  a  crime.  The  analogy  of  a  jigsaw  puzzle  is  apt:  if  a  few  key  pieces  of  the 
puzzle  are  missing,  then  the  picture  cannot  be  understood,  as  illustrated  in 
Figure  2.7.  As  a  detective  the  fractographer  must  look  beyond  the  fracture 
surface  and  investigate  all  clues  and  combine  them  to  properly  characterize 
fracture  origins. 


Topic  #2:  Conclusions 

1)  The  characterization  scheme  in  MIL  HDBK-790  is  adequate  to 
characterize  fracture  origins  in  advanced  structural  ceramics,  but  confusion 
exists  in  some  details  of  the  three  attributes. 

2)  The  guidelines  enable  an  inexperienced  fractographer  to  locate  and 
characterize  fracture  origins. 
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FRACTOGRAPHERS  ARE  DETECTIVES 


They  must  use  all  available  information  ("clues")  to  find  and 
characterize  a  fracture. 


Fracture  Surfaces 


Background  ^ 
Information 

(Processing, 
microstructure, 
exposure,  specimen 
preparation,  test 
conditions)  / 


General  crack  pattern 


FRACTURE  ORIGIN 


Fracture 

Mechanics 

(Ki.,  Mirror  size) 


Other  Specimens 


Other  Surfaces  of 
the  specimen 


Figure  2.7.  Fractography  is  like  assembling  a  jigsaw  puzzle,  if  a  few  key  pieces  are  missing  then 
the  picture  cannot  be  understood. 


3)  Fractography  of  a  "single"  specimen  of  a  material  can  be  misleading. 
The  "single"  specimen  may  not  clearly  represent  the  dominant  fracture  origin  in 
the  material  or  it  may  not  be  possible  to  completely  characterize  the  origin  in  that 
specimen.  The  identity  of  the  dominant  origin  may  not  become  clear  until  many 
specimens  of  the  same  material  with  the  same  origin  type  are  examined. 

4)  Limiting  the  fractographic  examination  to  only  one  of  the  primary 
fracture  surface  halves  can  lead  to  the  misinterpretation  of  any  or  all  of  the 
characterization  attributes. 

5)  The  external  surfaces  of  the  specimen  or  component  must  be 
examined,  especially  if  the  origin  is  located  at  the  surface. 

6)  Fractographers  must  use  all  available  information  to  properly 
characterize  fracture  origins  in  advanced  structural  ceramics.  This  includes,  but 
is  not  limited  to,  fracture  mechanics  size  analysis  and  the  past  history  of  the 
material. 

7)  Characterization  of  the  fracture  origin  size  is  difficult  because  of 
complex  geometries  and  in  some  instances,  the  lack  of  distinct  boundaries 
between  the  origin  and  the  bulk  material. 
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Topic  #3  -  Participants’  Evaluation  Of  Their  Own  Material 
Topic  #3:  Objective 

To  determine  the  overall  effectiveness  and  applicability  of  Military 
Handbook  790  to  a  variety  of  ceramic  materials. 

Topic  #3:  Approach 

This  was  an  optional  topic  which  asked  the  participants  to 
fractographically  analyze  a  ceramic  material  of  their  choice. 

Topic  #3:  Instructions 

Complete  instructions  for  this  topic  are  given  in  Appendix  1 .  The 
participants  were  asked  to  fractographically  analyze  a  ceramic  material  of  their 
choice.  They  were  to  summarize  their  findings  with  Weibull  plots  of  the  data  and 
photographs  of  the  typical  fracture  origins  and  make  recommendations  on  ways 
to  improve  future  versions  of  the  handbook. 

Topic  #3:  Discussion 

Only  four  participants  chose  to  take  part  in  this  optional  topic.  Their 
individual  analysis  and  findings  are  discussed  below  . 

PARTICIPANT  2  -  Evaluated  a  commercially  available  sintered  p-SiC  that  was 
produced  by  Coors  Ceramics  Company.  The  bars  were  machined  according  to 
the  guidelines  in  ASTM  C1 161.  They  were  tested  at  room  temperature  in  four- 
point  flexure  using  a  high  temperature  flexure  fixture.  This  was  done  to  facilitate 
comparison  to  high  temperature  data.  The  fractographic  analysis  was  performed 
with  a  stereo  optical  microscope  (Bausch  &  Lomb,  Hitachi  video  camera  and 
monitor).  Uncoated  specimens  were  examined  with  a  Hitachi  S  800  scanning 
electron  microscope  in  the  secondary  electron  mode. 

Table  3.1  and  a  Weibull  plot,  Figure  3.1,  summarize  the  strength  and 
fractographic  information.  Fifteen  flexure  specimens  were  used  to  generate 
these  data  but  the  fracture  origins  in  only  three  of  the  specimens  were 
characterized.  All  three  specimens  failed  due  to  pores  (PV),  see  Figure  3.2.  The 
participant  realized  that  the  examination  of  only  three  specimens  was  not  a 
sufficient  characterization  of  the  material  but  this  was  part  of  work  in  progress 
and  complete  characterization  of  the  sample  set  could  not  be  completed  in  time 
for  this  exercise. 

Suggestions/Comments  on  MIL  HDBK-790:  None. 
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Average  Strength  =  348  MPa 

Weibull  Modulus  (maximum  likelihood)  =  18.9 

Weibull  Scale  parameter  S0  =  358  MPa 
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Figure  3.1.  Participant  2's  Weibull  plot  fora  p-SiC.  See  Table  3.1  for  the  individual  data. 
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Figure  3.2.  Example  of  the  fracture  origin,  pore  (pV),  seen  in  the  p-SiC  analyzed  by  Participant 
2.  A)  70X.  B)  600X. 


PARTICIPANT  6  -  This  participant  chose  to  evaluate  a  hot-isostatically  pressed 
Si3N4  (NT154)  produced  by  Norton  Advanced  Ceramics.  All  the  specimens 
were  fabricated  from  a  single  master  lot  of  powder  and  additives  to  ensure 
chemical  consistency.  Blending  and  ball  milling  were  performed  as  a  single 
batch.  The  milled  powders  were  cold-isostatically  pressed  into  billets,  sintered 
to  full  density  and  HIPed  using  a  glass  encapsulation  process.  After  HIPing  the 
material  was  subjected  to  a  heat  treatment  to  promote  crystallization  of  the  grain 
boundary  phase. 

Large  flexural  bars,  having  a  nominal  cross  section  of  18  x  9  mm,  were 
machined  from  cylindrical  billets  used  for  button  head  tensile  and  tension/torsion 
specimens.  A  post  machining  heat  treatment  at  lOOOOC  for  20  hours  was  done 
to  improve  the  surface  strength.  The  specimens  were  tested  on  edge  in  a 
special  four-point  flexure  fixture  with  inner  and  outer  spans  of  63.5  mm  and  127 
mm,  respectively.  Rolling  pins,  12.7  mm  in  diameter,  were  necessary  to 
accommodate  the  high  loads.  The  specimens  were  tested  on  edge  to  increase 
the  ratio  of  stressed  volume  to  stressed  area. 

The  fracture  surfaces  were  examined  with  an  optical  stereo  microscope 
between  7X  and  40X  to  determine  the  location  of  the  origin.  SEM  of  the  origin 
on  selected  specimens  of  interest  was  then  conducted. 

The  individual  results  of  the  testing  are  listed  in  Table  3.2  and  a  Weibull 
plot  associated  with  this  data  are  given  in  Figure  3.3  One  hundred  specimens 
were  fractured  in  this  analysis  and  the  fracture  origins  in  26  of  these  were 
characterized  using  the  SEM.  Figure  3.4  shows  some  examples  of  the  origins 
which  were  encountered.  The  characterization  did  not  include  an  origin  size 
measurement  nor  did  it  truly  identify  the  origin  type.  The  Weibull  plots  in  Figure 
3.3  censor  the  data  based  solely  on  the  location.  Such  an  analysis  can  be 
misleading.  Although  the  location  is  an  important  attribute  MIL  HDBK-790  states 
the  location  "shall  not"  be  used  to  statistically  differentiate  the  distribution  of  the 
origin  populations.  Since  volume-distributed  origins,  such  as  pores,  can  be 
randomly  distributed  throughout  a  material,  individual  origin  locations  could  be  at 
the  edge,  surface,  near  the  surface  or  in  the  volume.  Statistically  differentiating 
based  on  origin  location  can  imply  that  there  is  more  than  one  origin  type  in  the 
material,  when  in  fact  there  is  only  one. 

Suggestions/Comments  on  MIL  HDBK-790:  None. 

PARTICIPANT  10  -  Twenty  flexure  specimens  of  a  silicon  nitride  ceramic  were 
broken  in  three-point  flexure  and  fractographically  analyzed  for  this  topic.  The 
material  was  a  EDM  (Electrical  Discharge  Machineable)  silicon  nitride  containing 
titanium  nitride  particles  (trade  name  KERSIT  601 ).  The  material  was  used  to 
manufacture  silicon  nitride  tools  for  metal  working.  It  was  produced  by  mixing 
spray  dried  granules  which  are  then  isostatically  pressed.  They  are  then  green 
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Table  3.2 

STRENGTH  AND  FRACTOGRAPHIC  INFORMATION  FOR  THE  HIPed  Si3N4  EXAMINED  BY  PARTICIPANT  6 
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Figure  3.4.  Examples  of  the  fracture  origins  seen  in  the  HIPed  Si3N4  analyzed  by  Participant  6 
A)  Specimen  LP-37,  Surface  at  surface?  B)  Specimen  LP-29.  Chip  located  at  the  edge.  C) 
Specimen  LP2-26,  Inclusion  located  in  the  volume. 
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machined  and  the  binder  is  removed  under  nitrogen,  followed  by  gas  pressure 
sintering  in  a  nitrogen  environment.  Flexure  bars  were  machined  from  sintered 
parts  using  resin-bonded  diamond  tools  according  to  internal  specifications.  The 
nominal  dimensions  were  3.5  mm  x  2  mm  x  24  mm.  Three-point  flexure  testing 
was  done  with  a  20  mm  span  at  a  displacement  rate  of  0.5  mm/min.  A 
compilation  of  the  data  is  given  in  Table  3.  3.  and  is  graphically  illustrated  by  a 
Weibull  plot  in  Figure  3.5. 


Table  3.3 

STRENGTH  AND  FRACTOGRAPHIC  INFORMATION  FOR  A  Si3N4/TiN 
MATERIAL  TESTED  AND  EXAMINED  BY  PARTICIPANT  10 
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1/(1-P))) 


Figure  3.5.  Weibull  plot  of  room  temperature  strength  data  generated  by  participant  10  on  a 
Si3N4/TiN  material.  Plot  shows  two  possible  origin  populations.  See  Table  3.3  for  the  individual 
data. 
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All  twenty  of  the  specimens  were  fractographically  examined  but  only  one 
of  the  fracture  surface  halves  of  each  was  examined.  The  Weibull  plot,  Figure 
3.5,  shows  two  possible  origin  populations.  The  participant  identified  the  origin 
for  specimens  at  the  low  end  of  the  strength  distribution  (m  =  1 .4)  as  cracks, 
(Figure  3.6)  while  the  origin  at  the  high  strength  end  of  the  distribution  (m  = 
23.3)  tended  to  be  porous  regions  (Figure  3.7),  or  machining  damage  (Figure 
3.8). 


Suggestions/Comments  on  MIL  HDBK-790:  The  participant  stated  that 
MIL  HDBK-790  provides  a  "very  accurate  and  easy  way  to  identify  and  analyze 
fracture  images".  The  participants'  agency  has  decided  to  adopt  MIL  HDBK- 
790.  The  participant  suggested  that  two  additional  origin  types  be  included 
under  the  category  of  inherently  volume-distributed  origins.  These  are: 

HARD  AGGLOMERATE:  These  origins  are  observed  in  die  pressed  or 
isostatically  pressed  samples  when  hard  spray  dried  granulates,  uncrushed 
during  pressing,  are  present.  This  origin  type  is  easily  recognized  according  to 
the  participant. 

GLASSY  PHASE:  Large  glassy  phases  can  be  observed  in  ceramics 
produced  by  liquid  phase  sintering.  They  can  not  be  considered  as  inclusions 
•since  they  have  the  correct  chemical  composition. 

Organizers'  Reply:  These  new  origin  types  will  be  considered. 

PARTICIPANT  11  -  Instead  of  examining  a  group  of  specimens  from  the  same 
ceramic  this  participant  examined  a  single  specimen  from  two  different  materials. 

The  first  specimen  was  a  sintered  SiC.  No  processing  details  were 
available.  The  specimen  had  a  fracture  stress  of  314  MPa.  Optical  examination 
of  the  fracture  surface  at  25X  using  grazing  incidence  illumination  revealed  that 
the  origin  was  located  near  one  of  the  corners.  Figure  3.9A.  At  an  optical 
magnification  of  100X  using  mixed  lighting  the  origin  appears  to  be  an 
agglomerate  or  an  inclusion.  Figure  3.9B  and  C,  because  there  is  a  raised 
sphere  on  one  half  and  a  corresponding  depression  on  the  mating  half.  It  was 
noted  that  even  though  there  are  large  grains  very  close  to  this  agglomerate 
these  can  not  be  the  origin  because  river  lines  pointing  to  the  sphere  can  clearly 
be  seen  in  these  grains.  The  origin  size  was  estimated  assuming  an  internal 
penny-shaped  crack,  Y  =  1 .13,  a  fracture  toughness  of  3  MPa*Vm  and  a  local 
stress  of  180  MPa  (This  stress  took  into  account  the  distance  the  origin  was  from 
the  tensile  surface.).  The  estimated  size  (c)  is  about  218  pm  which  is  about 
twice  the  reported  diameter  of  the  origin. 

The  second  specimen  was  a  commercial  alumina  which  contained  4% 
MnO  and  Ti02  as  low-temperature  sintering  aids.  It  has  a  trade  name  of  Hilox 
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Figure  3.7.  Example  of  an  origin  in  a  Si3N4/TiN  specimen.  Labeled  by  participant  10  as  a 
porous  region. 
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Figure  3.8.  Fracture  origin  in 
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specimen  2  for  a  Si3N4/TiN  specimen.  Labeled  by  participant 
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Figure  3.9.  Origins  in  a  sintered-SiC  from  participant  1 1 .  A)  Optical  pRbtograph  taken  at  25X 
using  grazing  incident  illumination.  B)  and  C)  Optical  photographs  of  the  mating  halves  of  the 
fracture  surface  showing  the  origin.  Taken  at  100X  under  mixed  lighting.  Note  large  grains  with 
river  lines. 


961  and  was  produced  by  Morgan  Matroc,  UK.  The  alumina  grains  are  typically 
3-4  pm  with  the  manganese  and  titanate  phases  appearing  as  sub-micron  grains 
at  the  alumina  grain  boundaries.  This  specimen  was  machined  from  die- 
pressed,  fired  bars  and  tested  in  three-point  flexure  with  a  very  fast  crosshead 
speed  of  5  mm/min.  The  fracture  strength  was  366  MPa  and  the  toughness  was 
about  4  MPa*Vm.  The  origin  is  clearly  at  or  close  to  the  surface,  Figure  3.10, 
thus  Y  was  assumed  to  be  1 .4  and  the  origin  size  estimated  to  be  about  61  pm. 
The  participant  states  that  there  is  a  "crack-like  defect"  visible  having 
approximately  the  right  size.  The  participant  further  states  "It  is  known  that  this 
material  is  prepared  from  spray-dried  powder,  and  it  is  likely  that  the  crack-like 
defects  are  elongated  pores  left  by  remnants  of  particles  insufficiently  crushed  in 
pressing." 

Although  optical  examination  of  these  specimens  was  quite  revealing  it 
does  not  allow  for  complete  characterization  of  the  fracture  origin.  SEM 
analysis  may  have  enabled  the  participant  to  reach  a  definitive  characterization 
of  the  origin. 

Suggestions/Comments  on  MIL  HDBK-790:  MIL  HDBK-790  was  found 
to  be  very  helpful  but  only  for  high-strength  ceramics  which  have  "localised 
defects".  There  were  four  suggestions  made  to  improve  the  handbook. 

1 )  The  addition  of  more  optical  photomicrographs  at  approximately  25X. 
These  would  be  more  helpful  than  a  sketch  in  interpreting  the  fracture  markings 
on  some  of  the  more  difficult  materials,  especially  in  coarse-grained  materials. 

2)  More  guidance,  such  as  a  logical  sequence,  for  the  detection  and 
measurement  of  machining  induced  origins. 

3)  MIL  HDBK-790  implies  that  failures  due  to  the  normal  microstructure, 
i.e.,  fractures  resulting  from  large  grains  which  are  at  the  upper  end  of  the  grains 
size  distribution,  are  "unidentified"  or  "other".  These  should  be  treated  as  a 
separate  class  of  origins. 

4)  Address  the  issue  of  subcritical  crack  growth  and  how  it  affects  the 
determination  of  the  origin  size. 

Organizers'  Reply: 

1)  Several  optical  photomicrograph  will  be  incorporated  into  the 
handbook  to  provide  further  guidance  for  interpreting  fracture  features  in  coarse¬ 
grained  ceramics. 

2)  The  organizers  will  consider  this. 
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Figure  3.10.  Origins  in  an  alumina  from  participant  1 1 .  A)  Optical  photograph  of  the  mating 
halves  of  the  primary  fracture  surfrace,  taken  at  25X  using  grazing  incident  illumination.  B)  and 
C)  Optical  photographs  of  the  mating  halves  of  the  fracture  surface  showing  the  origin.  Taken  at 
1 0OX  under  mixed  lighting. 
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3)  The  organizers  will  take  this  under  consideration,  but  MIL  HDBK-790 
does  discuss  this  issue. 


4)  This  will  be  taken  under  consideration. 
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Synopsis 


GENERAL  CONCLUSIONS: 

1)  The  guidelines  and  characterization  scheme  in  MIL  HDBK-790  are 
adequate  for  the  complete  characterization  of  fracture  origins  in  advanced 
ceramics  but  some  refinements  are  needed  for  each  attribute  in  the 
characterization  scheme.  These  revisions  are  listed  in  the  next  section. 

2)  Fracture  mechanics  was  not  used  enough  by  the  participants  in  this 
exercise  to  assist  in  the  characterization  of  fracture  origins. 

3)  In  many  instances  fractographers  failed  to  use  all  available  information 
about  the  material  and  its  history  during  the  characterization. 

4)  Characterization  of  the  fracture  origin  size  is  difficult  in  many 
instances. 

5)  Characterization  of  origins  from  photographs  or  a  single  specimen  can 
be  misleading.  The  participants  were  handicapped  due  to  this. 

6)  Fractographers  must  examine  the  mating  halves  of  the  primary 
fracture  surface. 

7)  Fractographers  must  examine  the  external  surfaces  of  the  specimen  or 
component. 

8)  Few  participants  were  familiar  with  fracture  mirror  size  analysis.  There 
is  a  need  for  new  mirror  constants  for  today's  advanced  ceramic  materials. 

AMENDMENTS  TO  MIL  HDBK-790: 

This  section  lists  amendments  that  will  be  made  to  MIL  HDBK-790  based 
on  the  results  and  comments  from  this  exercise. 

General: 

1 )  Actual  photographs  of  fracture  features  (mirror  and  hackle  lines)  on 
the  fracture  surfaces  of  advanced  ceramics  will  be  added  to  complement  the 
schematics. 

2)  Use  of  fracture  mechanics  will  be  explained  more  clearly  and 
illustrated.  It  shall  also  be  required  as  a  step  in  the  characterization  of  fracture 
origins. 
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3)  Examination  of  both  halves  of  the  primary  fracture  surface  will  be 
mandated. 

4)  Examination  of  the  external  surfaces  as  well  as  the  fracture  surface 
will  be  mandated. 

5)  Additional  information,  (e.g.,  a  list  of  mirror  constants)  will  be  added  to 
MIL  HDBK-790.  The  Bibliography  in  the  handbook  was  initially  intended  as  a 
source  of  such  information,  but  the  users  may  be  reluctant  to  search  out  these 
references. 

Characterization  Scheme: 

6)  The  definition  of  surface  and  edge  as  possible  origin  locations  will  be 
clarified. 

7)  An  example  of  an  origin  located  near-to-the-surface  and  a  definition  of 
near  surface  will  be  included. 

8)  The  method  to  characterize  the  origin  size  will  be  defined  better.  For 
machining  damage  and  other  origins  located  at  the  surface  which  have  a 
semielliptical  shape  the  characteristic  dimension  is  the  depth. 

9)  A  possible  revision  may  be  to  include  mirror  size  as  an  optional,  fourth 
attribute  for  an  origin. 

One  final  point  is  that  fractography  is  a  time-consuming  process.  A 
preliminary  draft  version  of  this  report  was  sent  to  the  participants  for  their 
comments  and  review.  Several  participants  indicated  that  their  analysis  may 
have  been  better  if  they  had  the  opportunity  to  spend  more  time  on  the 
specimens.  The  organizers  concur.  We  believe  that  time-constraints  led  many 
participants  to  examine  only  one  half  of  the  fracture  surface,  and  to  neglect  the 
examination  of  the  external  specimen  surfaces.  As  noted  in  the  text,  this  can 
cause  a  misidentification  of  an  origin.  The  detective  work  entailed  in 
fractographic  analysis  requires  experience,  patience,  and  time  on  the  part  of  the 
fractographer. 

Successful  fractography  has  a  number  of  ingredients:  broken  pieces,  a 
material  conducive  to  fracture  surface  interpretation,  background  information, 
skilled  fractographer,  equipment,  adequate  time,  and  a  framework  or  guide  for 
the  analysis.  This  round  robin  has  identified  a  number  of  key  factors  that  are 
necessary  for  the  last  item,  and  revisions  to  the  Military  Handbook  790  shall  be 
made. 
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PROPOSED  FUTURE  WORK: 


*  Develop  mirror  constants  for  the  advanced  ceramics  which  are 
commercially  available  and  those  which  have  potential  commercial  applications. 
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APPENDIX  1:  Instructions  For  The  Round  Robin 


Topic  #1:  Machining  Damage 

OBJECTIVE:  To  determine  the  ability  to  characterize  (location,  size  and  shape) 
machining  damage  in  advanced  ceramics. 

GENERAL  INFORMATION:  Enclosed  are  three  (3)  sets  of  photographs  from 
ceramic  specimens  which  failed  due  to  machining  damage.  Each  set  contains 
three  (3)  pairs  of  photographs,  taken  at  different  magnifications,  representing 
each  half  of  the  fracture  surface.  Included  is  an  information  sheet  describing  the 
ceramic  material  in  each  set  and  the  conditions  under  which  it  fractured.  Also 
attached  is  a  data  sheet. 

All  the  specimens  used  in  TOPIC  #1  were  machined  according  to  the 
guidelines  given  in  MIL  STD  1942A,  ASTM  C1161,  and  CEN  EN  843-1.  (aii  grinding 

shall  be  done  with  an  ample  supply  of  wafer-based  coolant  to  keep  the  work  piece  and  wheel  constantly  flooded  and  particles 
flushed  and  filtered.  Grinding  shall  be  in  at  least  two  stages,  ranging  from  coarse  to  fine  rates  of  materials  removal.  All 
machining  shall  be  in  the  surface  grinding  mode,  parallei  to  the  specimen  long  axis.  No  Blanchard  or  rotary  grinding  shall  be 
used.  The  stock  removal  rate  shall  not  exceed  0.03  mm  per  pass  to  the  last  0.06  mm  per  face.  Final  and  intermediate 
finishing  shail  be  performed  with  a  diamond  wheel  that  is  between  320  and  500  grit.  No  less  than  0.06  mm  per  face  shall  be 
removed  during  the  final  finishing  phase,  and  at  a  rate  of  not  more  than  0.002  mm  per  pass.  Remove  approximately  equal 
stock  from  opposite  faces.  The  four  long  edges  of  each  specimen  shall  be  uniformly  chamfered  at  45°,  a  distance  of  0.1 2  ± 
0.03  mm  with  the  finishing  comparable  to  that  applied  to  the  specimen  surfaces.  Grinding  must  be  parallel  to  the  specimen 
long  axis.) 


A 'T"  on  the  photograph  denotes  the  tensile  surface  and  "Ch"  denotes  the 
chamfer. 

INSTRUCTIONS: 

1 )  On  the  lowest  magnification  photograph  indicate  the  location  of  the 
fracture  origin. 

2)  Using  one  or  both  of  the  remaining  pairs  of  photographs  outline  the 
fracture  origin  and  the  shape  of  the  associated  fracture  mirror.  Mark  the  point  at 
which  the  mirror  radius  was  measured.  Also  indicate  any  tensile  surface  or 
chamfer  damage  which  may  be  present. 

NOTE:  We  suggest  using  permanent  makers  or  rub-off  arrows  that  can 
be  affixed  to  the  photograph. 

3)  On  the  data  sheet  provided  record  the  location  of  the  origin  as  well  as 
the  size  of  the  fracture  origin  and  fracture  mirror.  Please  include  units. 

4)  Include  any  comments,  such  as  a  description  of  the  origin,  which  may 
help  characterize  the  fracture  origin.  If  your  comments  do  not  fit  in  the  space 
provided  attach  a  separate  sheet  and  note  such.  Please  make  sure  your 
comments  legible. 

5)  Make  a  photocopy  of  all  information  for  your  records. 

6)  Return  all  photographs  and  data  sheets. 
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Topic  #1:  Machining  Damage 
MATERIAL  INFORMATION 


PHOTOGRAPH  SET#1 
Labeled  TSZ-14 

The  ceramic  is  a  zirconia/alumina  composite.  It  contains  75  w/o 
tetragonal  zirconia,  partially  stabilized  by  4.2  w/o  yttria,  with  20  w/o  a-alumina.  It 
was  formed  into  large  billets  through  a  sinter/hot  isostatic  press  process.  The 
specimen  was  machined  into  a  flexure  bar  of  the  following  nominal  dimensions: 
3mm  X  4mm  x  50mm.  Material  fracture  toughness,  as  determined  by  the 
indentation-strength  technique,  is  «5  MPa*’^m.  Average  grain  size  of  the 
zirconia  is  «  0.4  pm  and  that  of  the  alumina  is  »  0.6  pm.  The  specimen  was  heat 
treated  in  air  for  100  hours  at  1000°C  prior  to  room  temperature  four-point 
flexure  testing  in  air.  Flexure  strength  of  this  specimen  was  1 552  MPa. 


PHOTOGRAPH  SET #2 
Labeled  SN-5 

The  ceramic  is  a  silicon  nitride  which  was  hot-pressed  with  8  w/o  yttria. 
The  specimen  was  nominally  2.16mm  x  2.16mm  x  50mm  in  size  and  was 
machined  from  a  large  billet.  The  material  fracture  toughness  was  measured  at 
6.2  MPa*Vm  from  double  torsion  tests.  Cross  section  of  the  grains  ranged  from 
1-3  pm  with  an  aspect  ratio  of  6:1  to  8:1.  The  room  temperature  four-point 
flexure  strength  of  this  specimen,  in  air,  was  determined  to  be  910  MPa. 


PHOTOGRAPH  SET #3 
Labeled  AI2O3-RR8 

Photographs  are  of  a  high  purity  (99.9%),  sintered  alumina.  The 
specimen  was  machined  into  a  flexure  bar  of  the  following  nominal  dimensions: 
3mm  X  4mm  x  50mm,  from  a  large  billet.  Material  fracture  toughness  is  4  MPa*V 
m.  The  average  grain  size  ranges  from  3-6  pm.  The  room  temperature  four- 
point  flexure  strength  of  this  specimen,  in  air,  was  228  MPa. 
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VAMAS  Fractoaraphv  Round  Robin  Exercise 

TOPIC  #1:  MACHINING  DAMAGE 
DATA  SHEET 

•PLEASE  INCLUDE  UNITS*  PARTICIPANT  # 

PHOTOGRAPH  SET  #1:  TSZ-14 
IDENTITY:  MD  .  LOCATION:  SIZE:_ 

Size  of  Fracture  Mirror: _ . 

Comments: 

PHOTOGRAPH  SET  #2:  SN-5 

IDENTITY:  MD  .  LOCATION: _ .  SIZE:_ 

Size  of  Fracture  Mirror: _ . 

Comments: 


PHOTOGRAPH  SET  #3:  AI,0.-RR8 

IDENTITY:  MD  .  LOCATION: _ .  SIZE: 

Size  of  Fracture  Mirror: _ . 

Comments: 
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Topic  #2:  Characterization  Of  Fracture  Origins 


OBJECTIVE:  To  locate  and  characterize  fracture  origins  according  to  Military 
Handbook  790  and  determine  the  effectiveness  of  the  characterization  scheme. 

GENERAL  INFORMATION:  Enclosed  are  the  mating  halves  of  six  (6)  ceramic 
specimens  which  were  fractured.  Unless  otherwise  noted  the  entire  specimen  is 
enclosed.  Included  is  a  material  information  sheet  describing  each  specimen, 
any  pre-test  treatments,  and  the  conditions  under  which  it  was  fractured.  The 
ceramic  materials  selected  for  this  topic  were  chosen  based  on  their 
conduciveness  to  fractographic  analysis.  In  order  to  complete  the  round  robin  in 
a  timely  fashion,  metallographic  analysis  is  not  needed  to  properly  characterize 
any  Of  these  fracture  origins.  Also  attached  is  a  data  sheet  for  recording  your 
results. 

All  the  specimens  used  in  this  topic,  with  the  exception  of  Specimen  5, 
were  machined  from  large  billets  of  the  material.  Specimen  5  was  machined 
from  an  as-fired  bar  having  the  nominal  dimensions  of  4mm  x  6mm  x  50mm. 

These  specimens  have  already  been  characterized  by  the  U.S.  Army 
Research  Laboratory  -  Materials  Directorate.  With  the  exception  of  Specimen  5, 
the  characterization  was  done  in  an  uncoated  state  using  an  SEM.  Due  to 
charging  problems  Specimen  5  was  sputter  coated  with  »  100  A  of  Au  prior  to 
SEM  characterization.  The  coating  was  not  removed  from  the  specimen. 

INSTRUCTIONS: 

1 )  Treat  the  specimens  as  if  you  had  fractured  them. 

2)  Characterize  the  fracture  origin  by  IDENTITY,  LOCATION  and  SIZE  as 
outlined  in  Military  Handbook  790.  For  origins  which  are  located  in  the  volume 
or  near  the  surface  provide  the  distance  from  the  tensile  surface  in  the 
comments  section  of  the  data  sheet.  See  Section  2.2.3  (b)  in  Military  Handbook 
790  for  details. 

3)  If  EDS  (energy  dispersive  spectroscopy)  is  used  to  analyze  the 
specimen  attach  a  copy  of  the  results. 

4)  Answer  all  the  questions  listed  on  the  data  sheet. 

5)  Mark  your  photographs  as  stated  in  the  Topic  #1  instructions. 

6)  Include  any  comments,  especially  those  which  may  help  describe  the 
fracture  origin.  If  your  comments  do  not  fit  in  the  space  provided  attach  a 
separate  sheet  and  note  such.  Please  make  sure  your  comments  are  legible. 

7)  Make  a  copy  of  all  information  (data  sheets  &  photographs)  for  your 
records. 

8)  Return  aH  specimens,  photographs  and  data  sheets.  Please  wrap  the 
specimens  in  tissue  to  avoid  damaging  the  coating  or  fracture  surface. 
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VAMAS  Fractography  Round  Robin  Exercise 


TOPIC  #2:  CHARACTERIZATION  OF  FRACTURE  ORIGINS 

DATA  SHEET 

SPECIMEN  SET _ .  PARTICIPANT# _ . 

SPECIMEN  # 

IDENTITY: _ .  LOCATION: _ .  SIZE: _ . 

1)  Was  the  specimen  cleaned  prior  to  examination?  YorN.  If  yes,  how  was  it 

cleaned? _ _ _ 

2)  Was  the  specimen  coated  prior  to  examination?  Y  or  N.  If  yes,  what  is  the  coating 

and  approximately  how  thick  is  it? _ . 

3)  Circle  the  microscopic  technique(s)  used  to  characterize  the  origin? 

Optical  SEM  Other: _ 

4)  If  SEM  is  used  which  mode  was  employed? _ . 

5)  Was  EDS  used?  Y  or  N.  6)  How  many  photographs  are  being  sent? _ . 

Comments: 


SPECIMEN  # 

IDENTITY: _ .  LOCATION: _ .  SIZE: _ . 

1)  Was  the  specimen  cleaned  prior  to  examination?  Y  or  N.  If  yes,  how  was  it 

cleaned? _ _ _ _ 

2)  Was  the  specimen  coated  prior  to  examination?  Y  or  N.  If  yes,  what  is  the  coating 

and  approximately  how  thick  is  it? _ 

3)  Circle  the  microscopic  technique(s)  used  to  characterize  the  origin? 

Optical  SEM  Other: _ _ _ _ 

4)  If  SEM  is  used  which  mode  was  employed? _  , 

5)  Was  EDS  used?  Y  or  N.  6)  How  many  photographs  are  being  sent? _ . 

Comments: 
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Topic  #3:  Participants  Evaluation  Of  Their  Own  Material 


OBJECTIVE:  To  determine  the  overall  effectiveness  and  applicability  of  Military 
Handbook  790  "Fractography  and  Characterization  of  Fracture  Origins  in 
Advanced  Structural  Ceramics"  to  a  variety  of  ceramic  materials. 

GENERAL  INFORMATION:  You  can  use  any  advanced  ceramic  material  (long¬ 
er  continuous-fiber  reinforced  ceramics  can  not  be  used)  for  this  topic.  It  can  be 
a  commercial  or  an  experimental  ceramic  material.  It  does  not  have  to  be  a 
current  vintage  ceramic  or  one  which  you  are  presently  examining.  We 
recommend  using  a  set  of  fast  fracture  specimens. 

INSTRUCTIONS: 

1)  Apply  the  guidelines  in  Military  Handbook  790  to  a  ceramic  material  of 
your  choice. 

2)  Provide  generic  background  information  on  the  ceramic  including  a 
summary  of  the  process  and  testing  history. 

3)  Provide  information  on  the  fractographic  analysis  techniques  which 
were  used,  especially  any  improvements  or  refinements  to,  or  deviations  from, 
Military  Handbook  790. 

4)  Summarize  the  findings  with  a  Weibull  plot,  the  specimen  data, 
appropriate  photographs  of  the  typical  fracture  origins,  and  a  photograph  of  the 
microstructure. 

5)  Based  on  your  experience  make  any  suggestions  on  ways  to  improve 
Military  Handbook  790. 
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APPENDIX  2:  Factors  Which  Complicate  The  Comparison  Of  The 
Measured  Fracture  Origin  Size  To  The  Fracture  Mechanics  Size  Estimate 

A  number  of  material  and  microstructural  factors  can  complicate  the 
comparison  of  the  measured  fracture  origin  size  to  the  size  estimated  by  fracture 
mechanics  (Equation  1b  in  Topic  #1): 

c  =(K„/(Ya)}2  (1b) 


where:  c  =  the  characteristic  origin  dimension,  (e.g.,  depth,  radius), 

Kjc  =  fracture  toughness, 

a  =  stress  at  the  fracture  origin, 
and  Y  =  stress  intensity  shape  factor  for  the  origin 

It  is  difficult  to  make  generalizations  for  all  materials  about  how  these 
factors  can  interfere  with  this  comparison.  Our  purpose  in  using  Equation  1  b  is 
to  help  verify  that  the  correct  feature  has  been  characterized  as  the  fracture 
origin.  This  verification  will  be  considered  adequate  if  the  calculated  and 
fractographically-measured  sizes  agree  within  a  factor  of  two  or  three.  If  they 
disagree  by  a  factor  of  more  than  3,  the  fractographer  should  reconsider  his  or 
her  characterization  of  the  origin. 

In  the  following  sections  some  factors  which  can  account  for  differences 
between  the  measured  and  calculated  size  values  will  be  discussed.  The 
fracture  mechanics  calculated  origin  size  (c^afe)  from  Equation  1b  will  be 
compared  to  the  fractographically-measured  size  (c^as)  origin. 

We  first  discuss  the  factors  that  cause  systematic  differences. 

Factors  Which  Cause  The  Calculated  Origin  Size  To  Be  Smaller  Than  The 
Fractographically-Measured  Origin  Size 

CRACK  BLUNTING  -  Crack  tip  blunting  (from  a  thermal  treatment,  or  an 
environmental-chemical  reaction)  will  cause  the  calculated  size  (c^^i^)  to  be 
smaller  than  the  measured  crack  size  (c^^as)-  The  higher  stress  necessary  to 
propagate  a  blunt  crack  (relative  to  a  sharp  crack)  will  lead  to  a  smaller 
estimate.  Set  #1  (Zirconia/Alumina)  in  Topic  #1  may  be  an  example  of  this 
situation. 

USE  OF  2-DIMENSIONAL  CRACK  MODELS  -  It  is  common  practice  to  model 
origins  with  circumscribed  circles,  ellipses,  semicircles  or  semiellipses.  This 
may  be  suitable  for  some  origins  such  as  machining  damage.  In  general, 
however,  the  use  of  such  two-dimensional  penny-shaped  models  for  real,  three- 
dimensional  origins  is  a  gross  oversimplification.  Compendiums  or  collections  of 
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stress  intensity  factors  for  more  representative  origin  geometries  such  as 
References  A2.1  -  4  may  be  consulted.  (The  new  ASTM  Standard  Practice  will 
list  such  sources  in  its  Bibliography  section,  which  has  been  expanded  beyond 
that  within  MIL  HDBK  790.) 

A  general  rule  of  thumb  is  that  an  equiaxed  three-dimensional  origin 
model  will  have  a  Y  factor  that  is  less  than  or  equal  to  the  Y  for  a  penny-shaped 
origin  of  the  same  cross  sectional  area.  As  a  consequence,  use  of  the  two- 
dimensional  circular  or  elliptical  models  (and  their  associated  Y  factors)  can  lead 
to  a  Ccaic  that  is  smaller  than  c^eas- 

SPECIMEN  OR  COMPONENT  STRESS  GRADIENTS  -  The  stress  to  be  used  in 
Equation  1  b  should  be  the  stress  at  the  fracture  origin.  This  may  or  may  not  be 
the  maximum  stress  in  the  specimen  or  component.  For  example,  if  the  origin  is 
located  below  the  surface  in  a  flexure  specimen,  the  stress  at  the  origin  will  be 
less  than  the  maximum  stress  in  the  specimen.  Erroneous  usage  of  the 
maximum  stress  will  cause  to  be  smaller  than  c^^as- 

Factors  Which  Cause  The  Calculated  Origin  Size  To  Be  Larger  Than  The 
Fractographicaliy-Measured  Origin  Size 

STABLE  CRACK  EXTENSION  -  Environmentally  Assisted  -  Stable  crack 
extension  due  to  slow  crack  growth  (SCG)  from  an  origin  can  be  an  interfering 
factor.  This  phenomena  is  often  environmentally  assisted.  Water  in  liquid  or 
gaseous  form  can  promote  SCG  in  many  ceramics.  If  the  zone  of  SCG  is  readily 
apparent  on  a  fracture  surface  and  its  size  used  in  Equation  1b,  the  calculated 
and  measured  crack  sizes  may  be  very  similar.  If  the  crack  extension  is  not 
detected,  c^au.  will  be  larger  than  the  fractographically-measured  crack  size, 

^meas-  ^his  is  illustrated  in  Figure  A2.1.  Set  #3  (AI2O3)  in  Topic  #1  appears  to 
an  example  of  this  situation. 

STABLE  CRACK  EXTENSION  -  R  Curve  Phenomena  -  Severe  complications 
can  arise  if  the  material  exhibits  stable  crack  extension  due  to  R-curve  behavior 
(rising  crack  extension  resistance  with  crack  length)  prior  to  fracture.  In  such 
cases,  it  may  be  a  gross  oversimplification  to  utilize  a  point  value  of  fracture 
toughness  (Kic)  in  Equation  1  b.  Fracture  may  instead  be  dictated  by  the  rate  of 
rising  stress  intensity  (Kj)  with  crack  extension  versus  the  rate  of  toughening  due 
to  the  R-curve  effect.  One  should  be  very  careful  about  the  value  of  fracture 
toughness,  "Kjc",  that  one  uses  even  for  approximation  purposes.  The  fracture 
toughness  obtained  from  large-crack,  conventional  fracture  toughness  tests 
(double  cantilever  beam,  double  torsion,  etc.)  may  be  a  value  for  a  fully- 
developed  crack  which  is  centimeters  long,  and  is  at  the  high  toughness  plateau 
of  an  R-curve  which  may  not  be  relevant  to  a  small  (e.g.  25  micrometers), 
naturally-occurring  fracture  origin.  The  local  fracture  toughness  at  the  origin 
may  be  much  less  than  the  large-crack  toughness.  Using  the  plateau  toughness 
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value  will  result  in  Cpaic  being  larger  than  c^^as-  It  is  recommended  that  whenever 
possible  the  fracture  toughness  value  for  small  cracks  be  used  in  Equation  1b. 
Set  #1  (Zirconia/Alumina)  in  Topic  #1  could  be  an  example  of  how  the  R-curve 
phenomenon  effects  this  comparison. 

If  the  material  has  only  a  shallow  R-curve.  then  the  effect  may  not  be 
significant  and  Equation  1b  may  provide  reasonable  crack  size  estimates. 

SPECIMEN  OR  COMPONENT  STRESS  RAISERS  -  Specimens  with  notches  or 
shoulders  may  have  stresses  larger  than  the  assumed  stress.  Specimen 
misalignments  (flexure,  tension,  other)  can  also  cause  enhanced  stresses  at  an 
origin.  Since  the  stress  at  the  origin  may  be  underestimated,  will  be  larger 
than  C^eas- 

ORIGIN  CAUSES  A  LOCAL  FRACTURE  TOUGHNESS  DEGRADATION  -  The 
origin  may  have  a  different  composition  than  the  bulk  (i.e.,  an  inclusion).  A 
chemical  reaction  may  occur  between  the  origin  and  the  surrounding  matrix 
which  causes  a  degradation  of  the  local  fracture  toughness  around  the  origin. 
Use  of  a  bulk  matrix  Ki^  would  cause  the  c^aic  value  to  be  larger  than  the  c^^as 
value. 

ORIGIN  IS  WITHIN  A  SINGLE  GRAIN  -  In  coarse-grained  ceramics  the  origin 
may  be  within  a  single  grain.  The  single  crystal  fracture  toughness  for  the 
appropriate  cleavage  plane,  which  is  typically  less  than  the  polycrystalline 
fracture  toughness,  should  be  used  in  Equation  1  b.  If  not,  and  the 
polycrystalline  fracture  toughness  is  used,  c^aic  '^iH  be  larger  than 

ORIGIN  LINK  UP  WITH  OTHER  DISCONTINUITIES  OR  A  SURFACE  -  If  a 
primary  origin  is  near  another  discontinuity  or  a  free  surface,  it  is  conceivable 
that  the  ligaments  between  the  discontinuities  or  the  free  surface  may  fracture 
prior  to  overall  specimen  fracture  as  shown  in  Figure  A2.2.  If  the  fractographer 
cannot  discern  the  links,  the  measured  critical  crack  size  will  be  an 
underestimated  and  c^gic  will  be  larger  than  c^^gag. 

Factors  Which  Cause  The  Calculated  Origin  Size  To  Be  Either  Smaller  Or 
Larger  Than  The  Measured  Origin  Size 

CRACK  NESTING  OR  INTERACTIONS  -  Crack  nesting  (nearby  origins  in  the 
same  axis  as  the  applied  stress,  see  Fig.  1.8)  usually  causes  the  calculated 
origin  size  (c^aic)  to  be  smaller  than  the  measured  crack  size  (c^gas)-  This  occurs 
when  the  cracks  shield  each  other  from  the  stress  field  and  is  most  pronounced 
when  the  cracks  are  lined  up  such  that  they  overlap  each  other  as  shown  in 
Figures  1 .8  and  A2.3.  This  might  be  expected  to  occur  for  closely  spaced, 
periodic,  and  similar-sized  surface  cracks  from  machining  damage.  The  Y  factor 
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on  the  origin  is  reduced  in  this  instance.  Set  #1  (Zirconia/Alumina)  in  Topic  #1 
may  be  an  example  of  the  effects  of  crack  nesting  on  this  comparison. 

On  the  other  hand,  there  are  instances  where  cracks  may  be  aligned  or 
staggered  in  three  dimensions  in  which  case  the  stress  intensity  factor  (Y)  at  any 
one  crack  could  be  higher  than  the  Y  for  a  solitary  crack.  Figure  A2.4  illustrates 
this  case.  The  extra  cracks  may  or  may  not  be  visible  on  the  fracture  surface.  In 
such  cases,  the  Cpaic  value  will  be  larger  than  the  c^eas  value. 

Nearby  additional  discontinuities  whether  they  are  sharp  and  crack-like  or 
blunt  (like  spherical  pores)  can  either  cause  the  stress  intensity  factor  (Y)  to  be 
enhanced  or  diminished  at  the  fracture  origin,  depending  upon  the  specifics  of 
their  sizes,  shapes  and  locations  in  relation  to  the  fracture  origin.  Examples  of 
interacting  discontinuities  are  shown  in  Figure  A2.5.  Some  of  these  extra 
discontinuities  may  not  be  on  the  plane  of  fracture,  and  thus  will  not  be 
fractographically  detected.  Nearby  discontinuities  can  cause  to  be  either 
larger  or  smaller  than  c^^as  the  fracture  surface. 

References  A2.2  -  A2.4  should  be  consulted  for  additional  stress  Intensity 
factor  solutions  for  interacting  cracks. 

STABLE  CRACK  EXTENSION  -  High  Temperature  -  Stable  crack  extension 
from  high-temperature  crack  growth  phenomena  may  lead  to  similar  differences 
between  calculated  and  measured  origin  sizes.  The  slow  crack  growth  zone  will 
be  readily  apparent  in  many  materials.  It  may  be  intergranular,  heat  tinted, 
and/or  oxidized.  Crack  size  at  criticality  will  probably  agree  reasonably  well  with 
a  prediction  from  Equation  1b,  provided  that  the  material  is  still  elastic.  If  the 
crack  growth  is  not  discerned,  then  CgaicWill  be  larger  than  c^^as- 

If  the  crack  extension  is  due  to  accumulated  creep  damage,  linear  elastic 
fracture  mechanics  and  Equation  1b  will  no  longer  be  applicable.  (The  crack 
size  (Cpaic)  predicted  by  Equation  1  b,  will  be  smaller  than  the  measured  size 

(^meas)') 

RESIDUAL  STRESSES  -  Residual  stresses  can  result  in  c^aic  being  either 
smaller  or  larger  than  c^ieas-  They  can  arise  from  many  sources.  Residual 
stresses  from  grinding  are  usually  compressive  in  the  immediate  surface  region 
(0-5  micrometers  deep),  but  change  to  tensile  deeper  into  the  bulk.  The  gradient 
can  be  very  steep,  with  compression  stresses  well  over  1  GPa  at  the  surface. 
Tensile  stresses  can  be  of  the  order  of  a  tens  of  MPa  to  several  hundred  MPa. 
Thus,  the  effect  upon  a  surface  crack  will  depend  upon  how  large  the  crack  is.  If 
it  is  very  shallow,  it  may  be  primarily  under  the  influence  of  compression 
stresses.  This  will  cause  to  be  smaller  than  c^^as  ('f  the  compressive 
stresses  are  not  taken  into  account).  Conversely,  if  the  crack  is  large,  and  the 
tip  experiences  a  tensile  stress,  then  will  be  larger  than  c^gas- 
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Residual  stresses  can  arise  from  other  sources  such  as  surface 
transformation  effects  (e.g.  in  zirconia),  surface  oxidation  reactions,  thermal 
strains  from  nonuniform  sintering,  and  thermal  and  elastic  strain  between  grains 
in  anisotropic  ceramics.  Generalizations  about  comparing  to  c^ggs 
difficult  to  make  in  these  instances.  It  is  often  impossible  to  determine  the  local 
residual  stresses  at  any  specific  origin. 

ORIGIN  TRUNCATION  ON  THE  FRACTURE  SURFACE  -  The  fracture  surface 
may  not  reveal  the  full  origin.  The  fracture  plane  may  cut  through,  or  truncate 
the  origin  in  a  fashion  that  the  full  size  is  not  seen,  as  illustrated  in  Figure  A2.6. 
Examples  are  a  machining  crack  that  is  at  an  angle  to  the  principal  stress 
direction,  or  a  Hertzian  cone  crack  than  is  cleaved  by  the  final  fracture  surface. 
The  calculated  origin  size  (Cgaic)  will  be  larger  than  the  fractographically- 
measured  origin  size  A  further  complication  is  that  the  true  shape  may 

not  be  seen  and  estimates  of  the  Y  factor  could  be  wrong  in  either  direction. 

ORIGIN  IRREGULARITY  -  Some  origins  have  very  irregular  shapes,  and  penny-  . 
shaped  cracks  are  extremely  poor  models.  Examples  are  Hertzian  cone  cracks, 
cracks  at  impact  sites,  or  cracks  under  scratches. 

VARIATION  IN  THE  PROPERTIES  OF  THE  ORIGIN  RELATIVE  TO  THE 
SURROUNDING  MATRIX  -  The  origin  itself  may  be  an  inclusion  or  second 
phase  discontinuity  which  has  thermal  expansion,  fracture  toughness,  or  elastic 
moduli  that  are  different  than  the  surrounding  medium.  The  thermal  or  elastic 
properties  mismatches  can  cause  very  localized  strains  which  can  cause 
localized  cracking.  These  scenarios  are  discussed  in  more  detail  in  References 
A2.1andA2.5. 
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Figure  A2.1  Slow  crack  growth  may  cause  an  origin  to  grow.  Fracture  occurs  when  the  crack 
has  extended  to  the  critical  size  which  should  be  the  same  as  the  size  predicted  from  fracture 
mechanics  (Ccau^.  If  the  SCG  zone  is  not  detected  ,  then  it  will  appear  that  c^ai^  is  larger  than 
*^meas- 
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Link-up 
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Figure  A2.2  A  origin  can  link-up  with  other  discontinuities  or  with  a  free  surface.  The  calculated 
size  (Cj^ic)  will  be  larger  than  the  size  of  the  original  or  initially-obvious  origin  feature  (Cn^gas)- 
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M»  0  0  0  0  0  > 


Figure  A2.3  Nested,  overlapping  cracks  can  lead  to  a  reduction  in  the  stress  intensity  (Y)  at  any 
single  crack.  -  In  this  case  c^^ig  >tfill  underestimate  the  crack  size  measured  on  the  fracture 
surface 


a 


O’ 


Figure  A2.4  Staggered  or  aligned  cracks  can  cause  the  stress  intensity  (Y)  to  be  magnified  at 
the  fracture  origin,  c^gic  will  overestimate  the  measured  crack  size  (Cn^egg). 
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Pore  Shields  the  Origin  -  Y  is  Reduced. 


Fracture  Surface 


Pore  Concentrates  Stress  at  Origin  -  Y  is  Magnified. 


Figure  A2.5  Discontinuities  in  the  vicinity  of  the  fracture  origin  can  increase  or  decrease  the 
stress  intensity  (Y)  and  result  in  c^aic  being  either  and  over-  or  underestimate  of  Cn,eas- 
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Fracture  Surface 


Figure  A2.6  The  origin  may  be  truncated  on  the  fracture  surface,  and  its  size,  may  be 
underestimated  during  the  fractographic  analysis. 
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APPENDIX  3:  Synopses  Of  Participants' Responses.  Topics  #1  And  #2 

I 

I 

The  fractographic  results  of  each  participating  agency  are  summarized 
here  with  the  following  questions  answered  for  each  topic  of  the  round  robin. 

The  organizers'  comments  are  shown  in  italics  at  the  end  of  each  topic.  There  is 
no  appraisal  of  Topic  #3  due  to  the  limited  number  of  participants  who  chose  to 
take  part. 

TOPIC  #1 

’  a)  Did  the  markings  on  the  photographs  clearly  identify  the  fracture  origin  and 

the  associated  mirror? 

b)  Where  both  halves  of  the  photograph  set  marked? 

c)  How  was  the  origin  and  mirror  size  reported? 

d)  Was  the  size  of  the  origin  and  mirror  estimated?  If  so,  were  they  compared 
to  measured  values? 

TOPIC  #2 

For  each  agency  a  table  is  provided  indicating  the  participants'  and  the 
organizers'  characterization  of  the  origins  within  the  specimen  set  the  participant 
received.  The  organizers'  characterization  is  immediately  below  the  participants' 
for  each  specimen.  EXCELLENT  AGREEMENT  means  the  participant  and 
organizers  agreed  on  at  least  the  Identity  and  Location  and  that  the  photographs 
from  each  showed  the  same  origin. 

a)  Where  the  specimens  cleaned  prior  to  examination? 

b)  Were  coatings  applied?  If  so  what  types  and  how  were  they  applied? 

c)  Were  optical  and  scanning  electron  microscopy  used? 

d)  Which  mode(s)  of  viewing  in  the  SEM  were  used? 

e)  Was  elemental  analysis  (i.e.,  EDS)  used? 

f)  Did  the  agency  examine  the  mating  halves  of  the  fracture  surface?  The 
external  surfaces? 

g)  Where  the  photographs  marked  to  indicate  the  location  and  size  of  the 
origin? 

h)  Was  the  size  of  the  origin  estimated?  If  so,  was  it  compared  to  the  measured 

•  value? 


*AII  single  size  values  listed  in  the  following  tables  are  origin  diameters 
(2c)  unless  noted  and  2-dimensional  values  are  depth  x  width  for  semiellipses 
and  minor  axis  x  major  axis  for  ellipses. 
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PARTICIPANT  1 


TOPIC  #1 


a)  Yes 

b)  Only  for  set  #3. 

c)  For  sets  #1  &  #2  the  origin  was  represent  by  a  width  and  for  set  #3  by  depth  x 
width.  Mirror  radius  was  reported. 

d)  No. 


Focused  on  possible  damage  to  the  tensile  surface  which  may  indicate  an 
unfamiliarity  of  how  machining  damage  can  be  created  and  appear  in  ceramics. 

TOPIC  #2  -  SPECIMEN  SET:  H 


No. 

Identitv 

Location 

Size  (um) 

Comments 

1 

PR  w/LG 

NS 

80 

45  below  tensile  surface;  Dark  spot  when  viewed  optically 

LG 

S 

70 

2 

PS 

S 

11 

Did  not  examine  tensile  surface. 

HO 

s 

30 

Size  is  scratch  width 

3 

P 

s 

56x68 

EXCELLENT  AGREEMENT 

P 

s 

50 

4 

P 

s 

12x45 

Did  not  take  into  account  the  history  of  the  material. 

PT 

s 

30  x  275 

5 

MD 

E 

530 

Characterized  properly  but  different  site 

MO 

E 

? 

6 

P/PR 

V 

230 

EXCELLENT  AGREEMENT;  Location  below  surface  is  21 1  pm 

PR 

V 

200 

Located  about  200  pm  below  tensile  surface 

a)  Sonicated  in  methanol,  rinsed  and  blasted  with  canned  air 

b)  Yes,  a  Au  coating  «  4  urn  thick 

c)  Yes 

d)  Secondary  electron  was  used  for  all.  Back  scattered  mode  was  also  used  on 

1,  2&6 

e)  EDS  on  2  &6 

f)  Photographs  and  comments  indicate  that  both  fracture  surfaces  and  the 
external  surfaces  were  examined  only  for  4  &  5 

g)  Yes 

h)  No 


Examination  of  the  external  surfaces  in  2  and  the  incorporation  of  the 
material  history  into  the  analysis  of  4  may  have  changed  the  participants' 
characterization  of  these  specimens. 


120 


PARTICIPANT  2 


TOPIC  #1 

a)  Yes 

b)  Yes 

c)  A  width  for  sets  #1  &  #2  and  a  2-dimensional  value  for  set  #3.  Mirror  radius 
was  reported. 

d)  No. 

Focused  on  possible  damage  to  the  tensile  surface  which  may  indicate  an 
unfamiliarity  of  how  machining  damage  can  be  created  and  appear  in  ceramics. 

TOPIC  #2  -  SPECIMEN  SET:  K 


No. 

Identitv 

Location 

S/ze  fuml 

Comments 

1 

I 

V/NS 

60 

Photos  agree  as  does  Location  &  Size;  Did  not  use  EDS;  20  below  surface 

LG 

NS 

30x65 

About  20  below  surface 

2 

? 

NS 

? 

Did  not  examine  tensile  surface 

HD 

S 

15 

Size  is  scratch  width 

3 

P 

V/NS 

90 

EXCELLENT  AGREEMENT;  About  20  urn  below  surface 

P 

NS 

60 

Located  about  20  ^m  below  tensile  surface 

4 

•  SV 

S 

125 

Did  not  take  material  history  into  account 

PT 

S 

20  x  200 

Can  not  be  surface  void. 

5 

MD 

S/E 

7 

EXCELLENT  AGREEMENT 

MO 

S/E 

6 

P 

V/NS 

170 

PR 

S/NS 

100x170 

About  20  ^m  below  tensile  surface 

a)  Only  air  cleaned. 

b)  No  for  1 ,  4-6  and  1 0  nm  of  Au  for  2  &  3 

c)  Yes 

d)  Secondary  electron  mode  only 

e)  No 

f)  Only  for  1  &  2.  Photographs  and  comments  do  not  indicate  that  both  fracture 
surfaces  or  external  surfaces  were  examined. 

g)  Only  the  location. 

h)  No 


Examination  of  the  external  surfaces  in  2  and  the  incorporation  of  the 
material  history  into  the  analysis  of  4  may  have  changed  the  participants' 
characterization  of  these  specimens.  Use  of  EDS  may  also  have  changed  the 
characterization  of  some  origins. 
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PARTICIPANT  3 


TOPIC  #1 


a)  Yes 

b)  Yes,  sets  #2  &  #3  only 

c)  Both  had  a  single  dimension:  diameter  for  the  origin  and  radius  for  the  mirror 

d)  No. 


Focused  on  possible  damage  to  the  tensile  surface  which  may  indicate  an 
unfamiliarity  of  how  machining  damage  can  be  created  and  appear  in  ceramics. 
Had  difficulty  seeing  the  mirror  -  "No  distinct  mirror"  in  sets  #1  and  #2 

TOPIC  #2  -  SPECIMEN  SET:  R 


No. 

IdentHv  Location 

Size  fum) 

Comments 

1 

LG/P 

NS 

40 

ID'ed  property  but  ORG  believe  it  is  a  different  area;  Origin  listed  as  5  pm  below  surface 

LG 

S 

20x120 

2 

CK 

S 

180 

Notice  HD  but  called  is  a  CK;  Photos  do  not  show  tensile  surface 

HD 

S 

30 

Size  is  scratch  width 

3 

1 

S 

45 

EDS  reveals  Si,  Cl,  K,  Na,  Al  &  S  -  labeled  as  1?;  No  EDS  of  bulk 

P 

s 

? 

4 

MD7 

E 

20? 

Did  not  take  thermal  history  into  account 

PT 

E 

20x100 

5 

MD 

S 

50-75 

EXCELLENT  AGREEMENT 

MO 

S 

40x90 

6 

PR 

E 

230 

EXCELLENT  AGREEMENT 

PR 

E 

100  x  250 

Just 

"dusted  off' 

. 

b)  1  coated  with  Al.  2-4  with  C  and  5  &  6  with  C  +  Au/Pd 

c)  Yes 

d)  Secondary  electron  mode. 

e)  EDS  only  on  3 

f)  Yes,  both  halves  viewed  simultaneously  under  the  SEM.  Photographs  and 
comments  do  not  indicate  that  the  external  surfaces  were  examined. 

g)  Yes 

h)  No 


Calibration  photograph  provided  for  the  SEM.  Reported  mirror  sizes  but 
some  of  these  values  were  only  slightly  larger  than  the  origin  size. 
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PARTICIPANT  4 


TOPIC  #1 

a)  Yes 

b)  Yes 

c)  Diameter  for  both  except  for  the  origin  in  set  #3  which  had  a  radius  reported 

d)  No* 


Felt  the  origins  in  sets  #1  &  #2  were  shallow  half-penny  shaped  cracks 
emanating  from  machining  grooves.  *The  measured  origin  size  in  sets  #1  &  #2 
was  used  to  estimate  the  mirror  constant.  The  mirror  constant  was  then  related 
to  the  toughness  to  obtain  a  Kj^  value.  This  value  was  compared  to  the  provided 
toughness  number.  There  was  excellent  agreement  in  both  cases. 

TOPIC  #2  -  SPECIMEN  SET:  J 


No. 

Identftv 

Location 

S/ze  fum) 

Comments 

1 

MO 

S 

3-7 

Photos  agree  and  show  LG;  No  EDS;  Size  is  very  small. 

LG 

S 

25  x  200 

2 

HD 

S 

C  =  63 

EXCELLENT  AGREEMENT 

HO 

S 

10 

Size  is  scratch  width 

3 

P 

S 

100 

EXCELLENT  AGREEMENT;  Could  be  located  at  S  or  E 

P 

S/E 

20x100 

4 

l(?) 

S 

115 

Photos  agree;  "EDS  shows  Si  &  0  in  cavit/’ 

PT 

s 

50x100 

5 

HD 

s 

c  =  91 

Noted  chipping  on  chamfer  but  did  not  equate  to  Machining 

MO 

S/E 

6 

A 

NS 

450 

Agglomerate  tends  to  be  denser 

PR 

S/NS 

200  x  375 

a)  Ultrasonically  cleaned  1-4  for  60  seconds  in  acetone  then  ethanol 

b)  Only  3  was  coated  with  1 00  A  of  Au/Pd 

c)  Yes 

d)  Secondary  electrons  on  all.  Back  scatter  was  also  used  on  1  &  4. 

e)  Yes,  4  only 

f)  Yes,  Yes 

g)  Yes 

h)  No 


Detailed  analysis  with  many  optical  and  SEM  photographs. 
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PARTICIPANT  5 


TOPIC  #1 


a)  Markings  were  incomplete 

b)  No 

c)  Both  were  reported  as  a  radius 

d)  Origin  size  only.  Yes,  this  estimated  value  was  compared  to  the  measured 
value.  If  these  values  did  not  agree  then  possible  explanations  were  provided. 


TOPIC  #2  -  SPECIMEN  SET:  I 


No. 

Identftv 

Location 

S/ze  (urn) 

Comments 

1 

7 

S 

7 

Could  not  identify;  Location  could  be  S  or  NS7;  Photos  not  clear 

LG 

S 

7 

2 

HD 

S 

20-100 

EXCELLENT  AGREEMENT 

HD 

S 

.'  30 

Size  is  scratch  width 

3 

PA 

S 

c  =  25-30 

Speculated  on  how  origin  came  about 

P 

S 

.30X40 

4 

CHIP 

E 

C  =  30-35 

Did  not  take  thermal  history  into  account 

PT 

E  . 

7 

5 

CHIP 

E 

c  =  20 

EXCELLENT  AGREEMENT 

MD 

E 

125 

6 

PA 

V 

C  =  50 

Labeled  incorrect  area 

PR/A 

NS 

100x150 

a)  No  cleaning 

b)  Yes,  with  250  A  of  Au. 

c)  SEM  only 

d)  Secondary  electrpn  mode  only 

e)  No 

f)  Yes,  Yes 

g)  No 

h)  Yes,  mechanical  property  data  was  used  to  estimate  the  size  of  the  origin 
and  this  was  compared  to  what  was  actually  measured. 

SEM  time  was  limited.  Some  identity  codes  are  inconsistent  with  MIL 
HDBK-790.  Reasonable  agreement  was  obtained  between  the  estimated  origin 
size  and  the  measured  size. 
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PARTICIPANT  6 


TOPIC  #1 

a)  Yes 

b)  No 

c)  2-dimensional  values  of  depth  x  width  in  both  cases 

d)  No 


TOPIC  #2  -  SPECIMEN  SET:  P 


No. 

Identltv 

Location 

Size  (umV 

Comments 

1 

? 

S 

30x70 

Optically  reported  as  "Dark  Spot”;  Si  WDX  map  indicates  depletion  of  SiC  in  area  of  origin 

LG 

S 

10x30 

2 

MO 

S 

20  x  800 

Issue  of  machining  or  handling  damage 

HD 

S 

30 

Size  is  scratch  width 

3 

P 

V 

125x40 

Examination  of  mating  half  may  have  changed  Location  to  S 

P 

S 

110x40 

4 

PT 

S 

40  x  300+ 

EXCELLENT  AGREEMENT 

PT 

S/E 

25x100 

5 

MD 

E 

20x65 

EXCELLENT  AGREEMENT 

MD 

E 

25 

6 

PR 

S 

100x145 

EXCELLENT  AGREEMENT 

PR 

S 

80x140 

*  not  certain  if  2-cljmensional  values  are  depth  x  width  or  minor  axis  x  major  axis 


a)  Ultrasonically  cleaned  for  5  minutes  in  acetone. 

b)  1  -4  were  coated  with  C  and  5  &  6  with  Au. 

c)  Yes 

d)  Secondary  electron  mode  on  all 

e)  EDS  used  on  all  but  4,  and  WDX  was  used  on  1 

f)  SEM  photographs  are  of  only  one  half  of  the  fracture  surface  -  examined  only 
one  half  of  fracture  surface?  External  surfaces? 

g)  Location  but  not  size 

h)  No 


Good  work  by  the  participant  Examination  of  the  mating  half  of  the 
fracture  surface  may  have  proved  to  be  beneficial  to  the  characterization. 
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PARTICIPANT  7 


TOPIC  #1 


a)  Yes 

b)  Yes 

c)  Both  were  reported  as  a  diameter 

d)  No 


(2c  for  origin  and  2r  for  mirror) 


Tended  to  focus  on  possible  machining  damage  on  the  tensile  surface. 
TOPIC  #2  -  SPECIMEN  SET:  A 


No. 

Idontitv 

Location 

S/ze  (nmj 

Comments 

1 

PS 

V 

190x130 

ID'ed  as  PS  but  noted  presence  of  LG;  Noted  LG  agrees  with  calculation  of  size 

LG 

V 

SO 

Located  about  180  pin  below  tensile  surface 

2 

SD/PR 

S 

120 

ID  uncertain;  Saw  HD  but  seemed  to  focus  on  PR 

HD 

S 

5 

Size  is  scratch  width 

3 

P 

E 

42x100 

EXCELLENT  AGREEMENT,  see  Topic  #2  for  details  on  location 

P 

V 

40x65 

Located  a  175  pm  below  the  tensile  surface 

4 

PT 

S 

128 

EXCELLENT  AGREEMENT 

PT 

s 

120x178 

5 

MO 

s 

30x190 

Marks  on  photographs  indicate  E  location 

MO 

E 

35 

6 

PR/A 

S 

80x120 

Agglomerate  tends  to  be  denser 

PR/PS 

S 

100x160 

"Just  blown 

clean" 

b)  All  specimens  coated  with  100  A  of  Au/Pd 

c)  Yes 

d)  Secondary  and  back  scatter  modes  used  on  all 

e)  No 

f)  Yes 

g)  Yes 

h)  Size  estimates  of  the  origin  in  1  &  2  were  made  and  compared  to  the 
measured  value 

Would  have  had  EXCELLENT  AGREEMENT  on  specimen  5  if  "Edge" 
location  had  been  reported.  Photographs  clearly  show  the  origin  located  at  the 
edge. 
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PARTICIPANT  8 


TOPIC  #1 


a)  Identified  clearly  but  not  clear  enough  for  the  organizers  to  check  the  size 
measurements 

b)  No 

c)  Single  dimension  for  each,  depth  for  origin  and  radius  for  mirror 

d)  No 


TOPIC  #2  -  SPECIMEN  SET:  B 


No. 

Identltv 

Locatton 

S/ze  fum) 

Comments 

1 

LG 

V 

30,20 

EXCELLENT  AGREEMENT,  EDS  shows  Al;  Photos  not  good  quality 

LG 

V 

50 

2 

MO 

s 

? 

Issue  of  machining  or  handling  damage 

HD 

s 

15 

Size  is  scratch  width 

3 

P 

NS 

20x80 

Location  may  be  different  if  mating  half  was  examined? 

P 

S 

30x75 

4 

1 

S 

60x70 

Did  not  account  for  thermal  history;  EDS  shows  Si  -  Inclusion? 

PT 

S 

100x120 

5 

MD 

E 

7 

EXCELLENT  AGREEMENT 

MD 

E 

? 

6 

1 

S 

230x400 

Labeled  incorrectly ,  EDS  shows  only  Ti 

PR 

S 

240  x  380 

a)  Cleaned  with  compressed  air 

b)  No 

c)  Yes 

d)  Secondary  electron  mode  on  all 

e)  Yes  on  1 ,  4,  &  6 

f)  Yes?  Photographs  and  comments  do  not  indicate  that  the  external  surfaces 
were  examined. 

g)  Location  -  yes 

h)  No 


Quality  of  photographs  was  below  average.  Examination  of  mating  halves 
of  the  primary  fracture  surface  may  have  been  beneficial.  Better  interpretation  of 
EDS  results  is  needed. 
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PARTICIPANT  9 


TOPIC  #1 


a)  Yes 

b)  No 

c)  2-dimensional  value  of  depth  x  width  for  both 

d)  Origin  only.  Measured  the  size  of  the  origin  and  using  the  Newman-Raju 
analysis  in  Ref.  12  to  calculate  Y.  Then  estimated  and  compared  it  to  the  Ki^ 
value  provided. 

Calculated  for  set  *1  was  high  (7.3  MPa*\hi)  and  for  set  #3  is  was  low  (2. 7  MPa*\h) 
when  compared  to  the  values  proved.  An  indication  that  the  measured  origin  size  was  off, 
especially  for  set  #3.  Good  toughness  agreement  in  set  #2. 

TOPIC  #2  -  SPECIMEN  SET:  Q 


No. 

Identttv 

Location 

size  rumt 

Comments 

1 

LG 

NE 

c=150 

EXCELLENT  AGREEMENT;  NE  is  a  possibility;  aggress  with  origin  size 

LG 

NS 

10x50 

Located  about  25  below  tensile  surface 

2 

MD 

S 

73x217 

agrees  w/origin  size;  Issue  of  machining  or  handling  damage 

HD 

S 

10 

Size  is  scratch  width 

3 

P 

NS 

35x80 

EXCELLENT  AGREEMENT;  K,^  was  not  estimated 

P 

NS 

75x25 

Origin  may  be  connected  to  the  surface 

4 

PT 

S 

57x170 

EXCELLENT  AGREEMENT 

PT 

s 

7 

5 

MO 

E 

25x65 

EXCELLENT  AGREEMENT 

MD 

E 

60x100 

6 

PR 

s 

50x100 

EXCELLENT  AGREEMENT 

PR 

s 

50x125 

a)  Ultrasonically  in  acetone  prior  to  SEM  analysis  but  not  optical  analysis 

b)  Coated  with  70nm  of  Au 

c)  Yes 

d)  Secondary  and  back  scatter  modes  used  on  all 

e)  No 

f)  Yes,  No 

g)  Yes 

h)  No,  but  the  measured  origin  size  in  1,  2,  4  &  5  was  used  to  estimate  the 
toughness  and  this  was  compared  to  the  value  provided 

Best  agreement  among  all  participants  with  the  organizers.  Very  detailed  effort  with 
plenty  of  detailed  analysis  and  high  quality  photo^aphs.  Effort  and  results  belie  the  participants 
limited  experience.  Estimated  from  ongin  size.  These  values  agreed  very  well  with  the 

values  provided.  Examination  of  the  external  surfaces  of  2  may  have  resulted  in  better 
agreement  with  the  organizers'  characterization. 
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PARTICIPANT  10 


TOPIC  #1 


a)  Location  yes  -  but  not  size 

b)  Yes,  on  sets  #1  &  #2 

c)  Single  dimension  for  both 

d)  No 

Looked  for  cracks  in  the  material. 


TOPIC  #2  -  SPECIMEN  SET:  G 


No. 

Identitv 

Location 

size  fuml 

Comments 

1 

LG 

NS 

«50 

EDS  shows  origin  void  of  Si,  interpreted  as  SiC  LG?;  about  20  pm  below  surface 

LG 

S 

? 

2 

PS 

S 

75-80 

Did  not  look  at  tensile  surface 

HD 

s 

10 

Size  is  scratch  width 

3 

P 

NS 

60-70 

EXCELLENT  AGREEMENT 

P 

NS 

20x40 

About  5  pm  below  tensile  surface 

4 

MO 

S 

90 

Did  not  account  for  thermal  history 

PT 

s 

30x100 

5 

CK 

NS 

5-10 

Did  not  look  at  mating  half  or  chamfer  in  detail 

MO 

E/S 

7 

6 

A 

S 

«150 

"PR  from  uncrushed  agglomerate" 

PR/PS 

s 

100x175 

a)  Ultrasonically  in  ethanol 

b)  Coated  with  Au 

c)  SEMonly 

d)  Secondary  electron  mode  on  all 

e)  Only  on  1 

f)  No.  No 

g)  Location  yes.  size  no 

h)  No 

Examination  of  the  mating  halves  of  the  fracture  surface  and  further 
interpretation  of  the  results  from  the  EDS  X-ray  map  may  have  resulted  in  a 
different  characterization  of  specimen  1. 
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PARTICIPANT  11 


TOPIC  #1 


a)  Yes 

b)  Yes 

c)  Single  dimension  for  both,  depth?  for  origin  and  radius  for  mirror 

d)  Origin  only.  Used  the  strength  toughness  values  provided  to  estimate  the 
origin  size  then  compared  this  to  what  they  actually  measured.  Provided 
detailed  explanation  if  these  values  did  not  agree. 

TOPIC  #2  -  SPECIMEN  SET:  F 


No. 

Mentftv 

Location 

S/ze  turn) 

Comments 

1 

1 

S 

300 

“Black  area”;  Size  estimated  to  be  144  pm;  No  EDS 

LG 

S 

170 

2 

HD 

s 

? 

EXCELLENT  AGREEMENT;  Optical  analysis  revealed  more  details  than  SEM 

HD 

s 

30 

Size  is  scratch  width 

3 

P/CK 

s 

=  200 

Looked  at  only  M2  of  surface;  Size  estimate  =  90  pm 

P 

s 

7 

4 

P/MD 

s 

Depth  =  68 

Mentioned  history  in  comments  but  did  not  tie  together;  Size  estimate  agrees 

PT 

s 

30x90 

5 

M 

V? 

? 

Very  tricky;  Possible  microstmctural  feature?;  SEM  of  only  1/2  of  fracture  surface 

MD 

E 

? 

6 

PR 

NS 

150x400 

EXCELLENT  AGREEMENT;  about  150  pm  below  surface 

PR 

V 

250  x  360 

About  200  pm  below  tensile  surface 

a)  2,  3  &  5  were  cleaned  in  alcohol 

b)  No,  a  field  emission  microscope  was  used 

c)  Yes 

d)  Secondary  electrons  on  1  -3  and  back  scattered  electrons  on  4-6 

e)  No 

f)  Yes  optically,  but  SEM  photographs  indicate  the  examination  of  only  one  half 
of  fracture  surface  in  all  but  4,  Yes 

g)  Location  yes 

h)  Yes,  Yes 

Estimated  origin  size  from  mechanical  property  data  provided.  If  the 
estimated  size  disagreed  with  the  measured  size  possible  explanations  were 
provided.  Quality  of  photographs  were  inconsistent;  some  were  too  bright  and 
others  were  too  dark. 
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PARTICIPANT  12 


TOPIC  #1 

a)  Yes 

b)  Yes 

c)  2-dimensional  value  of  depth  x  width  for  both 

d)  No 


Confused  the  meaning  of  edge  and  surface  location.  Did  a  credible  job  for 
first  attempt  at  fractography. 

TOPIC  #2  -  SPECIMEN  SET:  M 


No. 

Identltv 

Location 

Size  fumf 

Comments 

1 

PR/A 

NS 

15X30 

LG 

E 

25x80 

2 

PR 

NS 

40X60 

Did  not  look  at  tensile  surface 

HD 

S 

10  ■ 

Size  is  scratch  width 

3 

P 

NS 

30X80 

EXCELLENT  AGREEMENT 

P 

NS 

40x75 

4 

7 

E 

25X50 

Confused  meaning  of  E  and  S;  Difficuit  to  ID;  Inexperience  shows. 

PT 

E 

20x75 

• 

5 

CK/MD 

E 

10X50 

Confused  meaning  of  E  and  S 

MD 

E 

60  x  380 

Difficult  one  to  identify 

6 

PR 

NS 

120X160 

EXCELLENT  AGREEMENT 

PR 

NS 

120 

*  not  certain  if  2-dimensional  values  are  depth  x  width 


a)  Cleaned  with  compressed  air 

b)  No 

c)  SEM  only 

d)  Secondary  electron  mode  for  all 

e)  No? 

f)  Yes,  but  external  surfaces  were  not.  Both  halves  of  fracture  surface  were 
mounted  tensile  surface-to-tensile  surface  which  did  not  permit  the  examination 
of  the  external  surfaces 

g)  Yes  in  some  cases  but  not  all 

h)  No 

The  agencies  inexperience  with  fractography  of  ceramic  materials  is 
evident  in  this  topic.  This  led  to  the  examination  of  the  wrong  area  of  the  fracture 
surface  and  misinterpretations  in  the  origin  characterization.  Even  so  they  did  a 
credible  Job.  Appears  to  have  confused  the  meaning  of  edge  and  surface 
location. 
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PARTICIPANT  13 


TOPIC  #1 

a)  Yes 

b)  No 

c)  Single  dimensions  for  both 

d)  No 


TOPIC  #2  -  SPECIMEN  SET:  D 


No. 

Identitv 

Location 

sue  fum) 

Comments 

1 

LG 

NS 

23-75 

EXCELLENT  AGREEMENT;  EDS  shows  Al  in  origin 

LG 

NS 

40 

About  10  fim  below  tensiie  surface 

2 

HD 

S 

7 

EXCELLENT  AGREEMENT 

HD 

S 

10 

Size  is  scratch  width 

3 

P 

S 

10-65 

EXCELLENT  AGREEMENT 

P 

S 

20x40 

4 

SV 

s 

15 

Thermal  history  not  taken  into  account 

PT 

s 

20x25 

5 

7 

7 

7 

Examined  incorrect  region  of  fracture  surface 

MD 

S 

50x85 

6 

SV 

S 

50  -  250 

LG/PR 

S 

140x170 

a)  Ultrasonically  cleaned  in  ethanol 

b)  No  coatings  on  1 ,  4  &  6.  but  2,  3  &  5  were  coated  with  1 0-20  pirn  of  C 

c)  SEM  only 

d)  Secondary  and  back  scatter  on  1.  4  &  6;  Secondary  only  on  the  remainder 

e)  Only  on  1  &  3 

f)  Photographs  indicate  that  only  one  half  of  fracture  surface  was  examined,  but 
the  external  surfaces  were  examined 

g)  In  a  few  instances  location  only 

h)  No 


Excellent  quality  photographs.  Did  not  take  the  material  history  (4)  and  the 
origin  definition  (4  &  6)  into  account  during  characterization. 
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PARTiCIPANT  15 


TOPIC  #1 


a)  Yes 

b)  No 

c)  2-climensional  of  depth  x  width  for  origin  and  radius  for  the  mirror 

d)  No 

Not  certain  about  the  sizes  that  were  reported  because  these  values  could 
not  be  confirmed. 


TOPIC  #2  -  SPECIMEN  SET:  C 


No. 

Identitv 

Location 

Size  (umi 

Comments 

1 

MD 

E 

Depth  =  100 

Saw  LG  zones  but  "probably  not  cause  of  fracture" 

LG 

E 

30x80 

2 

■  HD 

S 

100x190 

EXCELLENT  AGREEMENT:  Photo  does  not  show  HD 

■  HD 

S 

25 

Size  is  scratch  width 

3 

•  P 

NS 

46x170 

EXCELLENT  AGREEMENT 

P 

NS 

10x70 

4 

PT 

S 

34x‘l13 

EXCELLENT  AGREEMENT 

PT 

S 

i 

5 

MD 

E 

7 

EXCELLENT  AGREEMENT 

MD 

E 

7 

6 

A 

S 

160x80 

ID  might  be  different  if  mating  half  was  examined 

PR/PS 

S 

160x100 

a)  No 

b)  2  &  3  coated  with  20  nm  of  Au 

c)  Yes 

d)  Secondary  only  on  all 

e)  No 

f)  Appears  to  have  examined  only  one  half  of  fracture  surface.  External 
surfaces? 

g)  Yes,  but  markers  were  not  always  clear 

h)  No 

Good  work.  Only  one  photograph  was  provided  for  all  but  specimen  4 
and  the  participant  had  only  one  year  of  fractographic  experience.  Quality  of 
photographs  was  not  good.  The  lack  of  photographs  made  some  of  the 
interpretations  and  comparisons  by  the  organizers  extremely  difficult. 
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PARTICIPANT  16 


TOPIC  #1 


a)  No.  The  participant  marked  the  plastic  holders  that  the  photographs  came  in, 
thus  it  was  difficult  for  the  organizers  to  determine  what  they  were  indicating 

b)  Yes. 

c)  Single  dimension  for  both 

d)  No 


Appears  to  be  a  rushed  effort. 


TOPIC  #2  -  SPECIMEN  SET  1 

No. 

IdenUtv  Location 

SUe  (tim\ 

Comments 

1 

LG  NE 

40 

Appears  to  have  picked  one  LG  as  origin;  Atxsut  75  pm  below ; 

LG  .  NS 

35x120 

About  50  pm 

2 

LG  .  S 

50-70 

Did  not  see  HD  but  it  can  be  seen  on  low  magnification  photo 

HD  S 

30 

Size  is  scratch  width 

3 

P  S 

Depth  =  38 

EXCELLENT  AGREEMENT 

P  .  S 

45x100 

4 

?  .'  ? 

7 

PT  S 

35x75 

5 

7  7 

7 

No  origin  detected 

MD  E 

7 

6 

PR  S 

Depths  125 

EXCELLENT  AGREEMENT 

PR  S 

160  x  220 

a) 

? 

b) 

? 

c) 

Appears  to  be  SEM 

only? 

d) 

Appears  to  be  secondary  electron  mode? 

e) 

No 

f) 

Appears  to  have  examined  only  one  half  of  fracture  surface?  External 

surfaces? 

g)  Sometimes,  there  were  no  micrometer  markers  on  many  of  the  photographs 

h)  No 


A  rushed  effort  or  a  lack  of  experience?  Many  questions  on  the  data 
sheet  went  unanswered.  Provided  three  photographs  (as  outlined  in  MIL  HDBK- 
790)  of  all  but  specimen  5.  Specimens  were  returned  unwrapped  and  still 
attached  to  the  SEM  stub,  but  there  was  no  indication  of  which  specimen  was 
which  on  the  stub. 
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PARTICIPANT  17 


TOPIC  #1 


a)  Yes 

b)  Yes,  but  only  sets  #1  &  #3 

c)  Size  ranges  (max/min)  were  reported  for  #1  &  #2  and  a  single  dimension  for 
set  #3 


d)  No 


Focused  on  possible  damage  to  the  tensile  surface  which  may  indicate  an 
unfamiliahty  of  how  machining  damage  can  be  created  and  appear  in  ceramics. 

TOPIC  #2  -  SPECIMEN  SET;  S 


No. 

Identitv 

Location 

S/ze  fumi 

Comments 

1 

PR 

E 

256I 

Did  not  mention  presence  of  LG 

LG 

E 

? 

2 

A 

S 

238I 

Did  not  examine  tensile  surface 

HD 

S 

30 

Size  is  scratch  width 

3 

P 

s 

585I 

EXCELLENT  AGREEMENT 

P 

.  s 

? 

4 

P 

.s 

251  X46 

Did  not  take  thermal  history  into  account 

PT 

s 

? 

5 

MD 

E 

411  1 

EXCELLENT  AGREEMENT 

MO 

E 

7 

6 

P/A(7) 

S 

85x89 

Examination  of  mating  half  may  change  ID 

PR 

S 

100x75 

!  size  is  the  mirror  radius  rather  than  the  origin  size 


a)  No 

b)  All  but  5  were  coated  with  Au 

c)  Yes,  optical  to  determine  the  location  of  the  origin 

d)  Secondary  electron  mode  for  all 

e)  Yes,  on  1  &  2.  Remainder? 

f)  Appears  to  have  examined  only  one  half  of  the  fracture  surface  with  the  SEM 
and  none  of  the  external  surfaces 

g)  Yes 

h)  No 


Provided  detailed  photographs  and  markings  for  each  specimen.  Did  not 
examine  the  mating  half  of  the  fracture  surface  or  the  external  surfaces,  and  did 
not  take  the  material  history  into  account.  This  may  have  affected  some  of  the 
characterizations.  Reported  mirror  radius  rather  than  origin  size  for  all  but 
specimens  4  &  6. 
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PARTICIPANT  18 


TOPIC  #1 


a)  Markings  clearing  identified  the  origin  in  sets  #1  and  #2.  Origin  not  marked 
in  set  #3 

b)  Only  for  set  #2  and  #3 

c)  Single  dimension  for  origin  and  radius  for  the  mirror 

d)  No 

“Interpretation  of  several  observers  did  not  agree. "  -  participants' 
comment  made  about  set  #2. 


TOPIC  #2  -  SPECIMEN  SET:  E 


No. 

IdentHv 

Location 

size  fum) 

Comments 

1 

2P 

NS 

Depth  =  58 

"Microstrucfural  irregularity"-  "very  large  region  w/o  SiC  whiskers" 

LG 

S 

35 

2 

PR/MD(?) 

NSA/ 

65(29) 

Did  not  examine  tensile  surface;  MD  can  not  be  NS  or  V 

HD 

S 

10 

Size  is  scratch  width 

3 

MO 

E 

60 

P 

E 

100 

4 

PT 

S 

50 

EXCELLENT  AGREEMENT 

PT 

S 

7 

5 

PR/MD 

NS/E 

15 

’• 

MD 

S/E 

60 

6 

PR 

S 

81 

EXCELLENT  AGREEMENT;  "Easiest  material  to  deal  with" 

PR/PS 

s 

270x150 

a)  Ultrasonically  cleaned  in  acetone 

b)  No 

c)  Yes 

d)  The  back  scattered  electron  mode  was  used  for  1  &  2  while  the  rest  were 
examined  using  secondary  electrons 

e)  EDS  only  on  1  &  2 

f)  SEM  photographs  indicate  only  one  half  of  the  fracture  surface  was  examined. 
Does  not  appear  that  the  external  surfaces  were  examined 

g)  Yes 

h)  No 


Examination  of  the  external  surfaces  in  2  and  the  incorporation  of  the 
material  history  into  the  analysis  of  4  may  have  changed  the  participants' 
characterization  of  these  specimens.  Use  of  EDS  may  also  have  changed  the 
characterization  of  some  origins. 
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